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 Legionella pneumophila is a strictly environmental and opportunistic 
pathogen that can cause severe pneumonia after inhalation of aerosols with 
enough bacterial load. Outbreaks and sporadic cases are usually localized 
in temperate environments, and the reservoirs are often water-related 
sources where biofilms are created. The existence of non-cultivable forms of 
the bacteria increases the risk for public health, as culture-based methods 
may miss them, thus complicating the environmental investigations of the 
sources. 
 Genetic classification through the Sequence-Based Typing (SBT) 
technique allowed an increased discrimination among L. pneumophila 
strains compared to previous methods. SBT data can also be used for 
genetic variability and population structure studies, but a more exhaustive 
analysis can be performed using high-throughput genome sequencing 
strategies.  
 This thesis describes the use of both SBT and genomic sequencing to 
evaluate and provide solutions to different public health needs in L. 
pneumophila epidemiology. We have focused in the Comunidad Valenciana 
(CV), the second region in Spain with the highest incidence of Legionellosis, 
with special interest in the city of Alcoy, where recurrent outbreaks have 
occurred since 1998. 
 Firstly, SBT data were used to gain a deeper insight into the genetic 
variability and distribution of the most abundant Sequence Types (ST) in the 
CV area. We have shown that the level of variability in this region is 
comparable to that from other countries, revealing the existence of both 
locally and broadly extended profiles. Approximately half of the observed 
 VIII 
genetic diversity was found to result from geographical and temporal 
structure. 
 Secondly, L. pneumophila detection from environmental sources 
remains a challenge for public health. A comparison between water and 
biofilm samples using a sensitive touchdown PCR (TD-PCR) strategy 
revealed that the use of biofilms increased by ten-fold the detection rate. 
This method allowed evaluating the hidden uncultivable L. pneumophila 
diversity in the locality of Alcoy and the real-time investigation of a 
Legionellosis outbreak affecting a hotel in Calpe (Southeast of Spain) in 
2012.  
 Thirdly, genomic sequencing was applied to a set of 69 strains isolated 
during 13 outbreaks occurred in Alcoy in the period 1999-2010, mainly the 
recurrent ST578. Higher intra-outbreak variability than expected was 
observed, pointing to the potential existence of multiple sources in this 
endemic area or high environmental diversity. Interestingly, above 98% of 
the genomic variability in this ST was found as being incorporated through 
recombination processes rather than through point mutations. 
 Finally, a metagenomic analysis of environmental biofilms from Alcoy 
revealed a microbial community dominated by Proteobacteria, 
Cyanobacteria, Actinobacteria and Bacteroidetes. Despite the known 
endemism of Legionella in this area, the genus was only found in a relative 
abundance ranging 0.01-0.07%, which explains the low recovery from 
environmental sources. 
 In summary, the results from this thesis can benefit public health 
efforts to control this pathogen in the environment, as we provide new 
insight into its molecular epidemiology, with immediate applications to 




 Legionella pneumophila es un patógeno oportunista estrictamente 
ambiental capaz de causar neumonía debido a la inhalación de aerosoles 
con suficiente carga bacteriana. Los brotes y casos esporádicos suelen 
producirse en ambientes templados y los reservorios encontrarse en zonas 
con agua donde pueden crearse biopelículas microbianas. La existencia de 
formas no cultivables de la bacteria aumenta el riesgo para la salud pública, 
ya que los métodos estándar basados en cultivo microbiológico no pueden 
detectarlas, complicando las investigaciones ambientales. 
 La clasificación genética basada en el método Sequence-Based 
Typing (SBT) permite un mayor poder de discriminación entre cepas de L. 
pneumophila en comparación con métodos previos. Los datos derivados del 
SBT pueden utilizarse para estudios de variabilidad genética y estructura 
poblacional. Sin embargo, puede llevarse a cabo un análisis más exhaustivo 
mediante técnicas de secuenciación genómica de alto rendimiento. 
 Esta tesis describe la utilización tanto de SBT como de secuenciación 
genómica para evaluar e incluso proponer soluciones a diferentes 
necesidades en salud pública relacionadas con la epidemiología de L. 
pneumophila. Nos centramos en la Comunidad Valenciana (CV), la segunda 
región en España con mayor incidencia de Legionelosis, con especial 
interés en la localidad de Alcoy, donde ocurren brotes de forma recurrente. 
 En primer lugar, utilizamos datos derivados de SBT para conocer 
mejor la variabilidad y la distribución de los perfiles genéticos (Sequence 
Types, ST) en el área de la CV. Mostramos que el nivel de variabilidad en 
sólo esta región es comparable a la de otros países, con perfiles extendidos 
local y globalmente. Aproximadamente la mitad de la diversidad genética 
observada se estima que procede de estructuración geográfica y temporal. 
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 En segundo lugar, la detección de L. pneumophila a partir de fuentes 
ambientales sigue suponiendo un reto para la salud pública. En esta tesis 
realizamos una comparación entre la detección mediante touchdown PCR 
(TD-PCR) a partir de muestras de agua y biopelículas microbianas y 
mostramos que estas últimas proporcionan un aumento de 10 veces en la 
tasa de detección de la bacteria. Este método permitió evaluar la diversidad 
no cultivable de L. pneumophila en la localidad de Alcoy y la investigación a 
tiempo real de un brote en un hotel en Calpe (Sudeste de España) en 2012. 
 A continuación, aplicamos la secuenciación genómica a 69 cepas 
aisladas durante 13 brotes ocurridos en Alcoy en el período 1999-2010, 
principalmente el recurrente ST578. Se observó mayor variabilidad entre 
cepas de un mismo brote que la esperada, lo cual apunta a la existencia 
potencial de múltiples fuentes en este área, o alta diversidad ambiental. 
Además, se observó que más del 98% de la variabilidad genómica fue 
introducida por procesos de recombinación y no de mutación puntual. 
 Finalmente, se realizó un análisis metagenómico de biopelículas 
ambientales recogidas en Alcoy. Se encontró que la comunidad está 
dominada por Proteobacteria, Cyanobacteria, Actinobacteria y 
Bacteroidetes. A pesar del conocido endemismo de Legionella en el área, 
este género sólo se encontró en una abundancia relativa entre 0.01-0.07%, 
lo cual explica su baja tasa de recuperación a partir de muestras 
ambientales. 
 En resumen, los resultados de esta tesis pueden ser de utilidad para 
los programas de control de este patógeno llevados a cabo por las 
autoridades de salud pública, ya que proporcionan una nueva percepción de 
su epidemiología molecular, con aplicación inmediata a la vigilancia e 




 Legionella pneumophila és un patogen oportunista estrictament 
ambiental capaç d’ocasionar pneumònia degut a la inhalació d’aerosols amb 
la suficient carga bacteriana. Els brots i casos esporàdics solen ocórrer en 
ambients temperats, i els reservoris solen trobar-se en zones amb aigua on 
poden crear-se biopel·lícules microbianes. La existència de formes no 
cultivables del bacteri augmenten el risc per a la salut pública, ja que els 
mètodes estàndard basats en el cultiu microbiològic no poden detectar-les, 
complicant les investigacions ambientals. 
 La classificació genètica basada en el mètode Sequence-Based 
Typing (SBT) permet un major poder de discriminació entre soques de L. 
pneumophila en comparació amb previs mètodes. Les dades derivades del 
SBT poden utilitzar-se per a estudis de variabilitat genètica i estructura 
poblacional, però un anàlisis més exhaustiu pot dur-se a terme a través de 
tècniques de seqüenciació genòmica d’alt rendiment.  
 Esta tesis descriu la utilització tant del SBT com de la seqüenciació 
genòmica per a avaluar i proposar solucions a diferents necessitats en salut 
pública relacionades amb l’epidemiologia de L. pneumophila. Ens centrem 
en la Comunitat Valenciana (CV), la segona regió d’Espanya amb la major 
incidència de Legionel·losi, amb especial interès en la localitat d’Alcoi, on 
els brots ocorren de forma recurrent des de 1998. 
 Primer, hem utilitzat dades derivades del SBT per a conèixer millor la 
variabilitat i la distribució dels perfils genètics (Sequence Types, ST) en 
l’àrea de la CV. Mostrem que el nivell de variabilitat en només aquesta regió 
és comparable a la d’altres països, amb perfils estesos tant de forma local 
com més amplia. Aproximadament la meitat de la diversitat genètica 
observada s’estima que procedeix d’estructuració geogràfica i temporal. 
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 Segon, la detecció de L. pneumophila a partir de fonts ambientals 
continua suposant un repte per a la salut pública. En aquesta tesis realitzem 
una comparació entre la detecció mitjançant touchdown PCR (TD-PCR) a 
partir de mostres d’aigua i biopel·lícules microbianes i mostrem que 
aquestes últimes proporcionen un augment de deu vegades en la tassa de 
detecció. A més, aquest mètode ens va permetre avaluar la diversitat no 
cultivable de L. pneumophila a la localitat d’Alcoi i la investigació a temps 
real d’un brot de Legionelosis que va afectar a un hotel en Calp (Sud-est 
d’Espanya) a l’any 2012. 
 Tercer, vam aplicar la seqüenciació genòmica a 69 soques aïllades 
durant 13 brots ocorreguts a Alcoi en el període 1999-2010, principalment el 
recurrent ST578. Es va observar una major variabilitat entre soques d’un 
mateix brot de l’esperada, apuntant a l’existència potencial de múltiples 
fonts en aquesta àrea, considerada endèmica, o alta diversitat ambiental. A 
més, es va observar que més del 98% de la variabilitat genòmica havia sigut 
introduïda a partir de processos de recombinació i no de mutació puntual. 
 Finalment, es va realitzar una anàlisi metagenòmica de biopel·lícules 
ambientals recollides a Alcoi. Varem trobar que la comunitat està dominada 
per Proteobacteria, Cyanobacteria, Actinobacteria i Bacteroidetes. A pesar 
del conegut endemisme de Legionella en l’àrea, aquest gènere només es va 
trobar en una abundància relativa entre 0.01-0.07%, el qual explica la seua 
baixa tassa de recuperació a partir de mostres ambientals. 
 En resum, els resultats d’aquesta tesi poden ser d’utilitat per als 
programes de control d’aquest patogen duts a terme per les autoritats de 
salut pública, ja que proporcionen una nova percepció de la seua 
epidemiologia molecular, amb aplicació immediata a la vigilància i la 
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1. Biology of L. pneumophila, an opportunistic pathogen 
1.1. Taxonomy and biology 
 Legionella pneumophila is a Gram-negative Proteobacteria from the 
Gamma subgroup, genus Legionella1. Up to now, 59 different species have 
been described for the genus Legionella (www.dsmz.de), and at least three 
subspecies have been found within L. pneumophila (subsp. pneumophila, 
subsp. fraseri and subsp. pascullei)2. Fifteen different serogroups have been 
described within this Legionella species, although serogroup (sg) 1 has 
been the most frequently found both in clinical and environmental sources3–
6. Because of L. pneumophila ubiquity, a new subgrouping scheme based 
on an immunofluorescent antibody reaction using monoclonal antibodies 
was proposed7,8 for this species. New techniques, using genetic and even 
genomic-based procedures, reviewed in more detail in Section 3, can be 
used to obtain an enhanced discrimination between strains at a finer scale.  
 Legionella species are characterized morphologically for being non-
encapsulated bacilli of 0.3 – 0.9 µm wide and 2 – 20 µm long9. Unlike other 
Gram-negatives, their cell walls have a high amount of fatty acids and 
ubiquinones that make cell staining difficult. Legionella species are aerobic, 
heterotrophic, urease-negative, catalase-positive and can be motile, for 
which they use one or more flagella (Fig. 1). They use amino acids as 
sources of energy and carbon, requiring L-cysteine and iron salts to grow. 
However, they do not oxidize or ferment carbohydrates10. 
!4 
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Figure 1 | Electron microscopy images of L. pneumophila cells in stationary phase. 
(A) A single cell with an arrow highlighting a flexible pilus. (B) A group of cells 
grown on agar; arrows mark strings of excreted material (adapted from Al-Bana et 
al, 2014)11. 
1.2. Microbial ecology  
 The main reservoir for most Legionella species (including L. 
pneumophila) is environmental freshwater, where it has been found 
distributed worldwide5,12. However, they have also been found in soils and 
composted material13–17, especially in Australia and New Zealand, where L. 
longbeachae is one of the species with the highest prevalence in this type of 
environments13,18,19.  
 From natural sources, L. pneumophila can colonize potable water 
supply systems and man-made facilities and use them as reservoirs, usually 
associated to amoeba taking part in biofilm communities20,21. It has an 
optimal growth temperature of 35ºC, which goes up to 37ºC when taking into 
account the environmental conditions, motility and adherence to host cells22. 
However, it can grow in the range 25-42ºC23, at which many human-made 
aquatic environments work. In those facilities in which water temperature is 
higher than the environmental temperature, a shift in the balance between 




 It is currently accepted that Legionella species can survive in both 
aquatic and moist soil environments by parasitizing free-living or biofilm-
attached amoeba24. The capability of L. pneumophila to infect and live inside 
freshwater and soil amoeba of the genera Acanthamoeba and Naegleria 
was already hypothesized in the 80’s25. During an outbreak investigation26, 
ciliates and amoeba were isolated from L. pneumophila-containing water 
taken from a cooling tower system. This revealed the ability of these bacteria 
to replicate within protozoa under laboratory conditions. These authors 
already postulated that a very low number of L. pneumophila cells (1 - 30 
bacterial cells in a suspension of at least 100 cells/mL of the ciliate 




Figure 2 | Electron microscopy image of L. pneumophila cells grown on water and 
ingested by the ciliate Tetrahymena, forming a vacuole (adapted from Al-Bana et al, 
2014)11. 
 
 In response to environmental stresses, such as water treatment using 
chlorine or a rapid temperature change, amoeba differentiate into cysts, in 
which intracellular L. pneumophila cannot replicate but can survive27. This 
leads to an increased resistance to extracellular stresses and, consequently, 
!6 
persistence in the environment28,29. At least fourteen species of amoeba 
(being Hartmannellae and Acanthamoeba the most frequent ones), as well 
as two species of ciliated protozoa and one slime-mold, have been 
described to support intracellular replication of L. pneumophila5,27. 
1.3. Biofilms as global reservoirs 
 Biofilms are complex microbial communities in which cells are 
attached to a substratum or phase in contact with each other and to a matrix 
formed by self-produced extracellular polymeric substances (EPS). The cells 
involved in biofilms show altered growth rates and gene transcription 
compared to their planktonic counterparts30–32. These communities can 
change over time and space so that the associated microorganisms can 
better adapt to changing environments and ensure increased survival and 
growth. This is why the most frequent microbial lifestyle is dependent on 
these complex structures and the planktonic phase is primarily seen as a 
mechanism of transport33. 
 Biofilms develop mainly on solid-water interfaces (substrate-
associated biofilms), but also at the water-air interface (floating biofilms)21. 
Their growth is favoured by an increased water flow rate30,34,35 as opposed to 
the common belief that stagnation is a predisposing factor for colonization36. 
Specifically, it has been shown that, for Legionella, turbulent flow results in 
faster biofilm growth. This is due to a higher overall mass transfer that would 
lead to a greater particle deposition onto the surface35. Besides, higher 
bacterial recovery was found in turbulent than in laminar flow, being 
stagnant water where the lowest concentration of Legionella was recovered. 
Apart from natural environments, biofilms can also develop in man-made 
facilities and devices, where bacteria, dictated by nutrient availability, can 
adhere to surfaces enriched by organic molecules37. Bacteria living in these 
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microbial structures follow a ‘biofilm life cycle’ that starts with the attachment 
to a substratum, continues with biofilm maturation and finishes with 
detachment of the bacteria from the biofilm and dispersal into the 
environment21,31,32.  
 Different pathogens have been found in water-related environments, 
such as Pseudomonas aeruginosa, Escherichia coli or different species of 
Mycobacterium, Salmonella, Campylobacter, Shigella, Yersinia, Vibrio, 
Listeria, etc.38–40, and also in biofilms formed on medical devices, such as 
Candida albicans, Klebsiella pneumoniae, P. aeruginosa or Staphylococcus 




Figure 3 | L. pneumophila Philadelphia-1 biofilms expressing green fluorescent 
protein (GFP) shown under a confocal laser-scanning microscope. (A) shows the 
rod-shaped cells of a 6-day-old biofilm at 25ºC and (B) shows the filamentous cells 
within a thicker structure of a 3-day-old biofilm at 37ºC (adapted from Declerk, 
2010)21. 
 
 Some of these pathogens are capable of producing monospecies 
biofilms but, in the case of L. pneumophila, this has been reported only 
under strict nutrient-rich experimental conditions41,42. Legionella grows 
A B 
10 µm ! 10 µm !
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preferentially within protozoa, although previous intracellular replication 
allows its free proliferation within biofilms (Fig. 3)42.!!
1.3.1. Environmental spread 
 Legionella spreads mainly through aerosols5. These become loaded 
with bacteria when the water surface is disturbed or the flow velocity 
changed, resulting in the detachment of biofilm cells and subsequent 
dispersal31,32,43,44. Storey and colleagues (2004)45 showed that, in detached 
biofilms, the number of Legionella cells could vary from a few in small 
clusters to hundreds in larger aggregates. Moreover, it has been shown that 
infected amoebae release small breathable-size vesicles containing from 20 




Figure 4 | Electron microscopy image of a vesicle filled with L. pneumophila cells 
expelled from A. castellanii (adapted from Berk et al, 1998)46. 
 The presence of replicating pathogens attached to biofilms in artificial 
ecosystems that produce significant amount of aerosols, such as industrial 
evaporative condensers or cooling towers, creates an inherent risk for public 




susceptible people can result in human infection. It is important to remark 
that these community-living bacteria have a higher chance of exchanging 
genetic material and this could lead to the spread of pathogens with 
increased resistance to antibiotics and even to host immune system 
clearance31. 
1.3.2. Life cycle and pathogenesis: an accidental infection 
 The life cycle of L. pneumophila is determined by its ability and need 
for intracellular replication, which influences its pathogenicity47. It has a two-
phase life cycle: an infectious, stationary growth phase in which bacterial 
cells are flagellated and motile, and an exponential phase in which the 
bacteria are non-flagellated and have the ability to replicate, among other 
several differences48. 
 Rowbotham (1980)25 was the first author to show the ability of this 
bacterium to infect amoebae and reside, move and multiply within large 
vacuoles. Several experiments have confirmed that L. pneumophila can 
multiply within human monocytes49,50 and, specifically, alveolar 
macrophages51, thus considering the bacterium a facultative intracellular 
parasite. Human infection has been frequently considered as 
accidental10,52,53 because of the multiple similarities in the infection route 
compared to that in protozoa54. 
 The phagocytosis pathway followed by Legionella was discovered to 
consist of a novel mechanism, termed ‘coiling phagocytosis’ (Fig. 5)55. 
However, conventional entry has also been observed in a low proportion of 
cases56. During the coiling phagocytosis process, the bacterium is engulfed 
within a pseudopod coil and remains surrounded by a membrane layer that 
protects it to be degraded by lysosomes. 
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Figure 5 | Coiling phagocytosis of L. pneumophila by an amoeba. Both images 
show the bacterium in the centre of a coiled pseudopod in front (A) and cross-
sectioned views (B) (adapted from Horwitz, 1984)55. 
 Phagocytes can engulf both live and dead cells. However, living cells, 
through a series of cytoplasmic events, induce the formation of a 
phagosome studded with ribosomes that avoids the fusion and degradation 
by host cell lysosomes. Dead cells can enter the vacuole and are rapidly 
degraded49,55. Later works confirmed that, already during phagocytosis, the 
Legionella-containing vacuoles (LCV) start to create and recruit host cell 
organelles to their surface, such as mitochondria, ribosomes or small 
vesicles (Fig. 6)27,57. LCVs intercept the vesicle trafficking from the 
endoplasmic reticulum (ER) to the Golgi apparatus and get coated from the 
ER, as well as polyubiquitinated proteins. As a consequence, the bacteria 
are able to evade the normal trafficking pathway to the lysosomes58,59. It is at 
this point that a rapid intracellular proliferation of L. pneumophila starts27,57 





Figure 6 | Representation of the formation of the replicating vacuole within 
amoebae or macrophages. After uptake, the Legionella-containing vacuole (LCV) is 
able to evade fusion and lysosome-mediated lysis. ER: endoplasmic reticulum 
(adapted from Isberg et al, 2009)57. 
 L. pneumophila uses the Dot/Icm (defect in organelle 
trafficking/intracellular multiplication) system, part of the bacterial type IV 
secretion network, to translocate and recruit host proteins61–64. The Dot/Icm 
system can also be involved in DNA conjugal transfer65,66.  Several proteins 
of the Dot/Icm system perform different roles57. These include substrate 
recognition (IcmS, IcmW, LvgA), the formation of a coupling ATPase 
(DotL/IcmO, DotM/IcmP, DotN/IcmJ), components of the system core (DotC, 
DotD, DotF/IcmB, DotG/IcmE, DotH/IcmK), inner-membrane proteins that 
determine core stability (DotU/IcmH, IcmF), different cytoplasmic 
components, such as a pore-forming molecule (IcmQ) and its chaperone 
(IcmR), an ATPase (DotB) or an inner-membrane protein (DotO/IcmB), as 
well as other inner-membrane or periplasmic components whose function 
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are still unknown (DotA, DotE/IcmC, DotI/IcmL, DotJ/IcmM, DotK/IcmN, 
DotP/IcmD, DotV, IcmT, IcmV, IcmX). Over 300 different substrates 
translocated by the Dot/Icm system have been identified in L. 
pneumophila57,67–69, although only 24 of them have been detected as core in 
other Legionella species68. Functional redundancy between those effectors 
allow the bacteria intracellular replication to be highly resistant to 
perturbation of single bacterial or host components59. They also provide the 
required repertoire for optimal growth in different hosts70,71. In fact, studies 
using different L. pneumophila have shown many of the substrates to be 
present in just part of the analysed strains, thus forming part of the auxiliary 
genome52,68,72. Besides, the Mip (Macrophage Infectivity Potentiator) protein 
is needed for an efficient infection of host cells, as studies introducing null 
mutations in the encoding gene have shown73–75. In order to prevent 
premature apoptosis of infected macrophages caused by toxic microbial 
products or the immune system, the bacterium is able to interfere with 
caspase activation in the host76–78. The creation of LCV for other Legionella 
species has not been described in such detail with the exception of L. 
micdadei and L. longbeachae53. 
 During the last stages of intracellular replication, the LCV is disrupted 
and bacterial cells are released into the host cytosol, where they can 
complete the last 1-2 rounds of proliferation including some phenotypic 
modulations in response to nutrient depletion27,79–81. This egression allows 
the infection of new host cells, which can be other environmental host or a 
susceptible mammal. As already speculated, the infectious particle could be 
free L. pneumophila cells, vesicles filled with the bacteria and also intact 
parasitized amoeba. Man-made devices and installations colonized by 
amoeba-containing biofilms, such as cooling towers, whirlpools or 
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showerheads can produce aerosols loaded with these infectious particles 
and cause infection27. 
2. Legionnaires’ Disease: epidemiology and surveillance 
2.1. First descriptions  
 The investigation of an explosive outbreak of severe pneumonia 
affecting 182 attendants to the American Legion convention in Philadelphia 
(Pennsylvania, United States) in July 1976 was the first epidemiological alert 
that led to the identification of Legionnaires’ Disease (LD) as a new 
respiratory illness. This first detected LD outbreak caused 29 fatalities82. An 
intense epidemiological investigation discarded person-to-person 
transmission and pointed to a potential air-borne agent that explained both 
patients staying in the same hotel and those just walking near the facility. A 
Gram-negative bacillus isolated from the lung tissues of Guinea pigs 
inoculated with patients’ sera from this outbreak was described as the 
etiological agent of LD83.  
 However, this was not the first time in which this pathogen caused 
disease. After its initial description, retrospective analyses of unclassified 
agents producing severe pneumonia were confirmed to have the same 
characteristics. This was the case of an organism isolated from a febrile 
respiratory illness in 194784, an outbreak in a meat packing plant in 195785, a 
psychiatric hospital in 196586 and even an outbreak affecting 11 persons 
staying in a convention held in 1974 in the same hotel in which the American 
Legion met two years later87. This agent was also found to cause an 
outbreak characterized by different symptoms, mainly acute fever, headache 
and myalgia, affecting 144 people from a Health Department facility in 
Pontiac (Michigan, United States). This symptomatology was designated as 
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Pontiac Fever88. Brenner et al (1979)1 classified the agent of these severe 
pneumonia and acute fever illnesses as Legionella pneumophila.   
2.2. Clinical features, risk factors and treatment  
 There are two clinical presentations of Legionella infections: 
Legionnaires’ Disease, a severe multisystem disease with pneumonia as 
main symptom82 or Pontiac Fever, a flu-like illness88. A wide range of clinical 
manifestations and symptoms apart from pneumonia have been described, 
including fever, organ-specific symptoms and other signs, such as 
diarrhoea, confusion, multisystem disease, etc., as recently reviewed in Phin 
et al (2014)89. Clinically, Legionella-caused pneumonia is very difficult to 
differentiate from other types of pneumonia, although alveolar infiltrates 
seem to be more common in LD5. So, in order to detect a potential LD case 
when a patient is diagnosed with pneumonia, it is essential to apply 
microbiological or molecular methods for Legionella detection, which will be 
reviewed in Section 3. The typical incubation period for developing LD after 
infection is from 2 to 10 days, with a median of 6-7 days89, although point 
deviations have been described90. Legionellosis is considered an 
opportunistic disease because it only develops after Legionella infection in a 
susceptible host. Risk factors that make a person susceptible to this disease 
are gender (males are more frequently affected), smoking, age, chronic 
respiratory or cardiovascular disease, diabetes, alcohol misuse, cancer and 
immunosuppression91. No person-to-person transmission cases of 
legionellosis have been described up to now. 
 Legionella infections are usually treated with antibiotics such as 
macrolides or fluoroquinolones. They are applied in the initial stages of the 
disease and result, in most cases, in the clearance of the infection. Other 
therapies are applied in the case of complications or additional 
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comorbidities89. Up to date, there is no evidence of antibiotics creating high-
level resistance in Legionella92–95. Onody et al (1997)95 hypothesized that 
Legionella does not develop antibiotic resistance in the clinical setting 
because there is not a carrier step before the infection or person-to-person 
transmission. Because infection occurs directly from the environment, the 
potential exposure to antibiotics before infection is very low.!
2.3. Environmental factors and implications for public health 
 The opportunistic nature of LD is not only due to clinical factors. 
Different environmental factors have also been associated to this disease: 
water temperatures in the optimal growth range of 20ºC to 45ºC in man-
made installations5, pH, levels of copper or iron, the presence of dead-end 
loops, stagnant water, periods of non-use and plastic-made pipes instead of 
steel, as reviewed in Mekkour et al (2013)10, but also atmospheric 
phenomena, such as rainfall96. Epidemiological studies have shown other 
factors that are dependent on patients’ activities, such as travelling abroad, 
spending one or more nights away from home without leaving the country, 
using the shower at a swimming pool or a sports facility91 and even being a 
professional driver91,97. However, the ultimate risk factor for human exposure 
is always the formation of aerosols loaded with an infective dose of bacteria. 
Humidity is crucial in determining their persistence and suspension in the 
environment. Different L. pneumophila strains can have different survival 
capacity in aerosols, being serogroup 1 monoclonal subtype Pontiac the 
most resistant strain to long exposures and high humidity conditions98. 
 LD cases are mostly sporadic, acquired in a residential environment 
and associated with domestic potable water and disruptions in plumbing 
systems99–101. However, infections can affect more than one case in a 
community, forming a cluster of cases that can turn into an outbreak if three 
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or more cases accrue in the same location and period. These clusters can 
be travel-associated, when people staying in the same hotel, cruise ship, 
etc., are infected102–109 or affect people living in the same residential 
blocks110,111, hospitals (nosocomial infections) and other large buildings 
supplied by public water112–114. Unsuspected sources such as car 
washers115, dental units116, asphalt paving machines117 or baby delivery 
tubs118 have also been reported.  
2.4. Incidence and surveillance schemes 
 The distribution of LD cases by age and sex are homogenous among 
countries, being children the less affected age-class. Most cases correspond 
to men older than 50 years (74-91%)89. The mortality rate is normally 
between 8-12% and the case-fatality rate in Europe is 10% (range 0-27% in 
countries reporting at least 30 cases) and 8% in the USA6,89,119–121. 
Nosocomial cases have a higher case-fatality rate, in the 15-34% range89. 
 Comparisons of the incidence of legionellosis cases in different 
countries are highly dependent on the number of laboratory confirmations 
but also on the notification rates. LD is considered as underreported 
because clinicians prescribe broad-spectrum antibiotics that cover for 
Legionella spp. and rarely ask for laboratory confirmation. Besides, although 
being tested, positive results are not always notified to health authorities122. 
Currently, Europe6,122, the USA123, Canada124, New Zealand125, 
Australia126,127, Japan128 and Singapore129 have surveillance schemes for 
LD. In the last surveillance report of the European Centre for Disease 
Prevention and Control (ECDC 2012)122, 5,852 LD cases were reported by 
the 27 EU member states of the European Legionnaires’ Disease 
Surveillance Network (ELDSNet) (Fig. 7) plus Iceland and Norway, which is 
within the range of the notifications between years 2005 and 2011.  
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 Just six countries (France, Italy, Spain, Germany, Netherlands and 
United Kingdom) accounted for 84% of the notified occurrences. Most of the 
cases (69%) were acquired in a community, 20% were travel-associated and 
8% linked to healthcare facilities. L. pneumophila was found as the causal 
agent in 98% of the cases confirmed by culture, 85% of them corresponding 
to serogroup 1. These notified cases included 99 clusters, the largest one 
involving 42 cases in a hotel in Spain107, which is further investigated in 
Chapter 4 of this thesis. The incidence of LD has increased in the USA in 
the period 2000-2009, with the north-eastern states reporting most of the 
cases123. Australia and New Zealand have an additional peak of LD cases 
due to L. longbeachae potentially linked to potting soil and gardening 
activities17–19. 
2.5. Preventive regulations  
 LD surveillance in Europe is mainly coordinated by ELDSNet, which 
focuses on the detection of clusters and monitoring of epidemiological 
trends by collecting, analysing and reporting LD cases on an annual 
basis122. Cases are classified as travel-associated if they have stayed at any 
accommodation site away from home during the incubation period. Clusters 
are defined as at least two or more cases that have been exposed to the 
same source and with dates of onset within a plausible period of time. 
 The ELDSNet developed a European case definition in which a LD 
case is defined as a patient who has developed pneumonia and there is 
laboratory confirmation of at least one of the following three methods: 
isolation of Legionella spp. from respiratory secretions, detection of L. 
pneumophila antigen in urine or a significant increase in specific antibody 
levels to L. pneumophila serogroup 1 in paired serum samples. If the 
bacterium is detected using monoclonal-antibody-derived reagents, 
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molecular amplification of respiratory secretions, a rise in specific antibody 
level to non-serogroup 1 L. pneumophila or other species, the case is 
defined as probable. 
 Apart from the notification programs, the World Health Organization 
(WHO) established the Water Safety Plan (WSP), which contains specific 
guidelines for Legionella control in risk installations, such as cooling towers, 
hot tubs or water distribution systems where susceptible people might be 
exposed. These are valid for outbreak investigations and validation of the 
effectiveness of decontamination and control measures. Besides, they 
encourage surveillance agencies to undertake audits and inspections of 
high-risk facilities. Control methods have both advantages and 
disadvantages, such as keeping temperature below 20ºC, which is easily 
!
Figure 7 | Representation of the reported cases of Legionnaires’ disease and 
notification rates per million in Europe, 2012 (adapted from De Jong et al, 2012)122. 
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monitored but only really applicable to drinking water systems, or above 
50ºC, which is difficult to reach in old systems and does not eliminate 
Legionellae. Dosing with different chemicals such as sodium hypochlorite or 
monochloramine has been proved effective but can produce dangerous by-
products. An in-depth list of advantages and disadvantages of different 
control measures can be found in the WHO report for Legionellosis 
prevention130. 
In Spain, legionellosis was included in 1996 in the list of compulsory 
notifiable diseases (RD 2210/95 from the 28th December) when the National 
Network of Epidemiologic Surveillance (Red Nacional de Vigilancia 
Epidemiológica) was created. In 2003 (RD 865/2003 from the 4th July), 
national health authorities established the hygienic-sanitary criteria for the 
prevention and control of legionellosis. This regulation classified the different 
risk installations as those with high probability of Legionella proliferation and 
spreading (refrigeration towers, evaporative condensers, hot water systems 
or industrial humidifiers), those with low probability (cold water systems, 
humidifiers, ornamental fountains, urban sprinkler systems, etc.), and those 
related to respiratory therapies, such as breathing systems, nebulizers and 
other medical devices in contact with the airways. Installations in private 
homes are excluded unless they affect the external environment of the 
buildings. Specifically, temperature follows WHO guidelines, with cold water 
intended to be below 20ºC and hot water between 50-70ºC. Pipe or tower 
materials that favour the colonization of bacteria or fungi such as wood, 
leather, concrete or cellulose sub-products should be avoided. Chlorine or 
other disinfectants should be automatically dosed in refrigeration towers or 
analogues, routine disinfection programs or after an outbreak. The addition 
of the biocide must be accompanied from a thorough cleaning of the system. 
Chlorine levels should not be above 5 mg/L and pH between 7 and 8. After a 
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period of inactivity, the system should recirculate during at least 3 hours 
without ventilation to avoid the spreading of aerosols. 
3. Legionella detection and typing methods 
3.1. Methods for Legionella identification  
 Laboratory confirmation of any potential LD case is essential for public 
health authorities to start an environmental investigation. The main aim is to 
identify the Legionella reservoir that could pose a risk for other susceptible 
people and originate an outbreak. Also, even in the absence of any clinical 
occurrence, environmental testing for Legionella is used within hazard 
analyses and control risk management plans as well as to verify the 
effectiveness of decontamination procedures131. It is important to remark 
that Legionella is ubiquitous in aquatic environments, so it may be present 
during these surveillance programs but not causing disease. In fact, the 
identification of the bacteria without clinical cases combined with a risk 
assessment of the system can be of important use in order to test its 
likelihood as a source89.  
 The gold standard for Legionella detection remains microbiological 
culture5,131,132. Since the first culture media that contained L-cysteine as 
essential amino acid and starch133, many improvements have been 
made47,134,135 until the currently used Buffered Charcoal-Yeast Extract 
(BCYE) agar enriched with α-ketoglutarate. Two modifications of this basal 
medium with and without selective agents are essential for the confident 
identification of the bacterium and have led to the many commercial media 
currently available136. However, culture-independent methods based on 
serology, such as direct fluorescent antibody analysis, urinary antigen tests 
and nucleic acid targeting are in increasing use131,132. 
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3.1.1. Identification in environmental samples 
 During the environmental investigation of outbreaks, sporadic cases or 
routine screenings, three main types of samples can be studied: water, 
biofilms and aerosols131. Standard regulations for Legionella spp. detection 
from water samples are mainly based on ultra-filtering of 1 or 2 L of water 
through a series of sterile polycarbonate membranes of decreasing pore 
size (AFNOR NF T 90-431 2 (2003) and UNE-EN ISO 11731-2:2008). 
Centrifugation has also been used as a concentration strategy but it 
provides lower recovery rate137,138. Survival to specific thermal and acid 
treatments as well as confirmation of no growth in the absence of L-cysteine 
are the microbiological markers that lead to the identification of Legionella 
spp. Biofilms are usually sampled using sterile Dacron, cotton or polyester 
swabs by gently scraping the surface of pipes, faucets or any other surface 
with signals of biofilm formation, and can be cultured directly on selective 
media131. Further details on water and biofilm processing can be found in 
Chapter 3. Sampling of aerosols potentially loaded with pathogenic bacteria 
has been performed using different methods, such a bioerosol collector139, 
impactors or impingers140. 
 One of the most frequently used methods for routine identification of 
isolates is polyclonal antiserum coupled to latex beads, the so-called latex 
agglutination tests141. These tests are used to distinguish between L. 
pneumophila and other species, as well as the 15 different serogroups in the 
L. pneumophila species. Other serological methods, applicable directly on 
uncultured samples, are the fluorescein-conjugated polyclonal antibody 
(Direct Fluorescent Antibody, DFA) identification142,143 and the Dresden 
monoclonal antibodies7,8,144. Mass spectrometry MALDI-TOF is another 
method that can be used to generate a molecular fingerprint of the isolated 
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strains, which can be distinguished because of specific spectra dependent 
on the bacterial molecular content145–147.  
 Legionella is known to be fastidious, with a slow growth in vitro and 
can enter into a viable but non-culturable state (VBNC) under appropriate 
conditions11,148–151 as many other bacteria152,153. Hence, culture-independent 
methods are being increasingly applied for detection and typing, as 
reviewed in Section 3.1.3. Co-culturing with amoeba has been used to 
recover the cultivability of L. pneumophila strains154. 
3.1.2. Identification in clinical samples 
 After a clinical diagnosis of pneumonia, the confirmation of Legionella 
as the causal agent is primarily performed by detecting soluble antigens in 
urine, specifically, a component of the lipopolysacharide (LPS) cell wall155. 
Once the urinary antigen is detected in a sample, a respiratory secretion is 
taken from the patient, usually sputum or brochoalveolar lavage. However, 
tracheal aspirate, tracheobronchial aspiration, pleural fluid, abscesses or 
lung biopsies can also be used156. These secretions are fluidised and used 
for culturing using selective media as described for environmental samples 
in Section 3.1.1. As the urine test is biased towards L. pneumophila 
serogroup 1, negative urines can result in positive isolation by culture from 
the respiratory secretions of the patients155,156. Moreover, clinical specimens 
with very low bacterial load or VBNC forms of Legionella have been shown 
to produce virulence proteins157. Detectable levels can be reached after co-
culturing with amoeba158,159.  
 The species, serogroup and subgroups of the isolates from culture-
positive samples can be identified using latex agglutination and monoclonal 
antibody tests as described previously for environmental samples. However, 
background fluorescence and dilution effects of DFA limit the number of 
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different conjugates to be included in a single screening pool160,161. To 
overcome that problem in clinical samples, indirect fluorescent antibody 
(IFA) assays targeting IgG, IgM and IgA antibodies160–162 generated during 
the immune response to Legionella infection have also been 
applied124,125,163. 
3.1.3. Sequence-based identification methods 
 All the alternative methods mentioned in the above sections for 
classification, serogrouping and subtyping of Legionella species are based 
on phenotypic features and do not have enough resolution to accommodate 
new species or detect intra-species variability. Only DNA-targeted methods 
have this potential. The mip gene147,164–168 is the most widely used target for 
polymerase chain reaction (PCR) although others, such as 16S rRNA169–171, 
rpoB172, rnpB173 or proA174 have also been used. There are also some works 
using the 23S-5S ribosomal intergenic spacer region (ISR)175 and the gyrA 
gene176 but the published primers are not universal or the presence of 
multiple copies make sequence interpretation difficult. Also, as any of these 
regions can be involved in recombination events, it is recommendable to use 
several targets for confident species determination174. 
 Legionella detection by genetic amplification targeting a fraction of its 
genome has been widely performed using mainly quantitative real-time PCR 
approaches in both clinical177–184 and environmental samples179,181,182,185–190. 
This procedure can be applied directly to total DNA extracted from 
specimens and it also allows a quantification of the bacterial load. As an 
example of the comparison between the efficiency of isolation by culture and 
direct PCR, Mentasti and colleagues183 found an overall sensitivity of 
quantitative PCR (qPCR) above 30% greater than that of culture (~65%) in 
respiratory samples. In the case of environmental samples, it is common to 
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have more incongruence between results from culturing and PCR from the 
same sampling points. Although there are studies detecting similar results 
between qPCR and culture from water samples190, there are works reporting 
differences, especially for cold water189,191. In general, culturing efficiency is 
reported to be around 70-80% and PCR above 95% in water from warm 
environments186,189,192. The principal inconvenient of PCR is that it cannot 
distinguish between viable and dead cells, although recent works show new 
methods that selectively remove DNA from dead cells prior to amplification 
using interchelating agents such as propidium monoazide or ethidium 
monoazide193,194. DNA extracted from biofilm swabs can also be directly 
used for molecular detection of Legionella, with different advantages and 
drawbacks that are further discussed in Chapters 3 and 4. 
3.2. Typing methods in outbreak investigations 
 The investigation of LD outbreaks, clusters of cases or even a single 
case starts with the search for a potential Legionella reservoir. To this end, 
different water-related risk points are sampled, starting from the patient’s 
home or a specific area where the epidemiological investigation points that 
the involved patients have stayed or even walked through195. Both 
respiratory secretions and environmental samples (mainly water and/or 
biofilms) from the potential sources are analysed simultaneously in the 
laboratory. In the case of isolation from both sources, typing methods that 
provide further discrimination between strains than the traditional 1-15 
serogrouping need to be applied196. As mentioned in previous sections, a 
standardized subtyping scheme using monoclonal antibodies (mAb)7,8 allows 
higher discrimination within L. pneumophila (mainly serogroup 1), with the 
possibility of further classification in 23 phenoms. Besides, a pan-European 
study identified a significant association between mAb 3/1-positive or 
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negative strains, the category of infection and the region where the infection 
was acquired, thus encouraging its use as a rapid and reproducible tool144. 
Further works studying the distribution of L. pneumophila serogroups and 
subtypes used the detection of mAb3/1 as a virulence marker197,198. Other 
methodologies coupled with serogrouping and mAb subtyping, such as 
Multi-Locus Enzyme Electrophoresis (MLEE), have been applied to obtain 
higher discrimination in outbreak investigations and to study the genetic 
variability of L. pneumophila populations115,199.   
 Nevertheless, the resolution attained by mAb subtyping and MLEE is 
still lower than that obtained with DNA-based methods. Molecular 
techniques such as Pulsed-Field Gel Electrophoresis (PFGE)200–204, 
Arbitrarily Primed PCR (AP-PCR)205–207, Restriction Fragment Length 
Polymorphism (RFLP)208–210, ribotyping205,206, Amplified Fragment Length 
Polymorphism (AFLP)204,211,212, the detection of repetitive elements213,214 and 
the current gold standard, Sequence-Based Typing (SBT)215–218, have been 
found to discriminate within mAb subtypes219. AFLP became the gold 
standard for L. pneumophila typing for a few years in the last decade5 and it 
has the advantage that it can be performed without sequencing. However, 
fragment sizing is imprecise and reproducibility and comparison between 
laboratories are problematic196. 
 SBT has currently established as the most discriminatory genotyping 
tool without considering genome sequencing196. The method follows the 
basis of Multi-Locus Sequence Typing (MLST)220 and consists on the 
amplification and sequencing fragments of seven gene targets (fliC/flaA, 
pilE, asd, mip, mompS, proA and neuA) 215–218. The retrieved sequences are 
then compared to those in the European Study Group for Legionella 
Infections (ESGLI) database221 and the allelic pattern is reported as a 
!26 
Sequence Type (ST). More than 1,800 different STs have been reported 
until January 2015. SBT has been applied to outbreak investigations in order 
to compare the ST(s) of the clinical cases with the ST(s) of the 
environmental isolates117,222–224, but also in studies of genetic variability and 
distribution of L. pneumophila populations224–226, which will be further 
addressed in Chapters 1 and 2. However, infections caused by unculturable 
forms for Legionella that do not produce a positive isolation of the bacteria 
make the finding of the infectious strain in every patient difficult, thus 
complicating the epidemiological search of one or more potential sources. 
To overcome this problem, semi-nested PCR and qPCR approaches 
accommodated to the SBT scheme have been developed in order to get the 
ST pattern from the infecting strains directly from respiratory 
samples183,227,228. In fact, the application of SBT over uncultured specimens 
has shown cases of mixed infection229 that have also been observed using 
culturing strategies230,231. The application of SBT on total DNA extracted 
from environmental samples such as water or biofilms without a culturing 
step is still not widely accepted in the scientific community because of the 
detection of both live and dead cells and the difficulty in obtaining clean 
sequences to get the ST. However, in cases of VBNC forms of Legionella, 
molecular detection is necessary to detect colonization of risk facilities. 
Besides, complex samples such as biofilm swabs can be difficult to culture, 
so direct PCR has been proven to give sensitive and rapid results, as further 
discussed in Chapter 2. 
 Specific markers to improve discrimination between strains from the 
same group or sequence type have been developed. As an example, a 
spoligotyping tool based on the diversity of the CRISPR (Clustered 
Regularly Interspaced Palindromic Repeats) locus has been described for 
discriminating within L. pneumophila serogroup 1 ST1 strains232. 
!
27 
4. Lessons from L. pneumophila genomics 
4.1. Comparative genomics and diversity 
 Twelve complete genome sequences of L. pneumophila clinical and 
environmental strains are currently (January 2015) available in the 
databases. The first genome (Philadelphia 1) was published in year 200452 
from a serogroup 1 strain isolated from the 1976 outbreak83 and was 
described to have a single circular chromosome of nearly 3.4 Mb with 38% 
G+C content and a plasmid-like element of 45 kb. This first genome was 
enriched in genes encoding efflux transporters for heavy metals and other 
toxics, eukaryotic-like proteins predicted to modulate host cell functions and 
molecular markers of horizontal gene transfer (HGT) or recombination such 
as tRNA, phages, transposases, etc. The transfer of genetic material in 
Legionella had already been inferred by topological incongruences between 
the rpoB and dotA phylogenetic analyses of isolates of L. pneumophila 
subspecies pneumophila and fraseri233. A high genomic plasticity was also 
found for strains Paris and Lens72 (Table 1), which were reported to contain 
a plasmid of 131 kb and 59 kb respectively. Many proteins and motifs of 
eukaryotic origin were also detected and were discussed to have been 
acquired by HGT from their hosts or by convergent evolution during its 
coevolution within free-living amoebae72,234. After the sequencing of Corby235 
and Alcoy236 strains (Table 1), a detailed structural analysis of the five first 
genomes provided a better overview of the genomic content of L. 
pneumophila as a species236. 
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Table 1 | List of reference L. pneumophila genomes and associated metadata. 
Reference 





Philadelphia1 Clinical USA 1 Philadelphia 36 AE017354 52 
Paris Clinical France 1 Philadelphia 1 CR628336 72 
Lens Clinical France 1 Benidorm 15 CR628337 72 
Corby Clinical UK 1 Knoxville 51 CP000675 235 
Alcoy Clinical Spain 1 NA 578 CP001828 236 
Lorraine Clinical France 1 NA 47 FQ958210  
HL06041035 Environmental France 1 NA 734 FQ958211  
ATCC 43290 Clinical USA 12 NA 187 CP003192 237 
Thunder Bay Clinical Canada 6 NA 187 CP003730 238 
LP0509 Environmental China NA NA NA CP003885 239 
Hextuple_2q Clinical Mutant 1 Philadelphia 36 CP003023 70 
Hextuple_3a Clinical Mutant 1 Philadelphia 36 CP003024 70 
130b Clinical USA 1 Benidorm 42 FR687201 240 
 * Sg: Serogroup. 
** ST: Sequence Type. Extracted from the corresponding reference and Reuter et al, 2013241. 
 Unpublished, direct submission (see http://www.ncbi.nlm.nih.gov/genome/genomes/416). 
NA: Non-available information. 
 G+C content remained around 38% for the five genomes, which had a 
total length within the range 3.39-3.57 Mb, with a coding portion of 86-88% 
and three ribosomal operons. The work also reported the presence of 
several genomic islands with different factors that could give additional 
virulence to each strain (see Section 4.2). These five genomes were all 
retrieved from clinical serogroup 1 isolates. Other currently closed genomes 
correspond to strains LPE509239, Lorraine, HL06041035, ATCC 43290237, 
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Thunder Bay238 and two targeted mutants of the Philadelphia 1 strain70 
(Table 1). The genome of L. pneumophila strain 130b240 has not been 
completely closed but has already been incorporated as reference sequence 
in some works241,242.  
 The core genome for L. pneumophila isolates, defined as the number 
of orthologous genes shared by all of the analysed strains243, has been 
described to encompass 2,405 orthologous genes among eight genomes 
244. The accessory genes accounted for approximately 10% of the ~3,000 
present in each of the strains (Fig. 8). Oppositely to the core genome, the 
total number of genes in all the strains is known as the pangenome245. 
 L. pneumophila shares approximately 42% of its genome with its 
closest relative with a complete genome sequence, Coxiella burnettii, 
despite their difference in genome size (3.5 and 1.9 Mb, respectively). 
Interestingly, 60% of L. pneumophila genes are orthologous to other 
phylogenetically distant but intracellular bacteria, such as Salmonella, 
Chlamydia, Rickettsia, Brucella or Mycobacterium species52. Genome size 
and redundancy in the L. pneumophila genome have been discussed being 
subjected to host variation70. No evidence of significant differences between 
clinical and environmental strains of this bacterium has been found246, 
contrary to previous reports using RFLP167 or SBT data197,225. 
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Figure 8 | Pangenome of seven L. pneumophila strains. The central circle 
represents the core genome (number of orthologous genes in all strains) and each 
color represents the number of accessory genes in each specific strain (adapted 
from Gómez-Valero and Buchrieser, 2010)244. 
 Genome sequencing provides the maximum discrimination power 
possible, and that is why its use in bacterial diversity studies is 
increasing242,247–251. Underwood and colleagues242 performed an exhaustive 
analysis to compare genetic diversity between L. pneumophila strains using 
SBT and genomic data and found STs that were not clustered within the 
genetic lineage described by whole-genome sequencing (WGS), indicating 
signals of admixture.  
 Specific WGS projects have been addressed to obtain higher 
discrimination between different strains of the same ST, clonal complex (CC) 
or lineage in many bacteria, such as Staphylococcus aureus252–254, 
Chlamydia trachomatis255, Salmonella typhimurium256 or Clostridium 
difficile257. This thesis reports the first in-depth analysis of intra-ST L. 
pneumophila variability (see Chapter 5). 
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4.2. Recombination and mobile genetic elements 
 The use of low-resolution molecular markers for bacterial typing and 
species delineation, such as MLEE or PFGE but also sequence-based 
typing schemes, led to the first extended idea of clonal population structure 
in bacteria199. This was the case, for instance, of different species of 
Salmonella258, Neisseria meningitidis259,260 or L. pneumophila261,262. 
However, clonality started to be questioned, with the discussion that 
pathogenic bacteria might need a certain level of localized recombination to 
maintain useful variation within the population263. Besides, in many bacterial 
species, evolutionary changes with long-term consequences, such as a 
major shift in pathogenicity or ecological niche, or short-term, such as the 
acquisition of antibiotic resistance, are more likely to occur by recombination 
rather than point mutation264. 
 L. pneumophila has been proven to be naturally competent for 
external DNA acquisition22, to contain a chromosomal conjugation system 
with an origin of transfer (oriT)265, and to be able to mobilize and conjugate 
plasmids and genomic islands mediated by the Dot/Icm system65,66,235,265. 
However, it is important to emphasize that although there are integrative and 
conjugative elements that encode for their own excision, transfer and 
integration, others require the recombination machinery of the recipient to 
integrate266. Genome analyses have confirmed the results from the first 
studies that revealed possible intergenic recombination events using SBT 
data267,268, although intragenic events have only been detected very recently 
for the virulence effector gene sidJ269.  
 Coscollá and colleagues (2011)268 reported an estimation for the ratio 
between the population recombination rate (ρ) and the population mutation 
rate (θ) of approximately ρ/θ = 0.44-0.47 (95% credibility region) and a ratio 
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of nucleotide changes introduced by recombination events (r) relative to 
point mutations (m) of r/m = 2.6-5.7 (95% credibility region) for SBT data. 
This data showed that it is around four times more likely that a site has 
changed by recombination than by mutation. Similar recombination rates 
were found using Multi-Locus Sequence Typing (MLST) data for example in 
Campylobacter jejuni, Haemophilus parasuis or Pseudomonas syringae270.  
 The use of genomic data to calculate these recombination rates has 
shown differences with respect to the rates obtained using MLST data. In 
the study by Coscollá and colleagues (2011)268, an r/m between 0.280 and 
0.313 was found for an alignment of four L. pneumophila reference 
genomes. They also inferred that approximately 34-57% of the genome 
could be involved in recombination events, including two hotspots containing 
proteins of types II and IV secretion systems. Furthermore, HGT was found 
to occur with other phyla normally present within the cytoplasm of amoebas 
in more than 40% of the genes studied268. In the work presented in Chapter 
5 of this thesis, genomic recombination rates were inferred from a 
considerable collection of clinical and environmental strains of this 
bacterium, and its comparison with other species is discussed. 
 Cazalet and colleagues (2008)246 used DNA arrays to characterize the 
genomic variability in a large collection of Legionella strains from different 
species. They concluded that, despite the high variability of the genus, L. 
pneumophila has many known virulence and eukaryotic-like genes that are 
highly conserved within the species but absent or highly divergent in others. 
Besides, they found the operon coding for the core and the O side-chain 
synthesis of the lipopolysaccharide (LPS cluster), determining of serogroup 
1 L. pneumophila, in other strains with very different backgrounds. This 
result suggested the involvement of the LPS cluster in HGT. Further works 
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using genomic sequences confirmed the high frequency of HGT and 
recombination of large chromosomal fragments of different origins271. Siefert 
(2009)272 first introduced the concept of ‘mobilome’, which in the case of 
Legionella is formed by plasmids, integrative conjugative elements, insertion 
sequences, genomic islands and also the accessory genes244. 
 Glöckner and colleagues (2008)265 were the first authors to describe 
two genomic islands (Trb-1 and Trb-2, of 42 and 34 kb respectively) in the 
Corby strain of L. pneumophila. They also demonstrated that Trb-1, which 
contains a complete conjugation system, had the capability of excising from 
the chromosome, being transferred horizontally by conjugation and site-
specifically integrated into the acceptor genome. Another work236 provided a 
detailed list of all genomic islands found in the first five sequenced strains 
(Philadelphia 1, Paris, Lens, Corby and Alcoy) and classified them as 
resistance-related islands, transport/secretion systems, DNA transfer, 
integrated and phage-related, and others without a well-defined role or 
composition (Fig. 9).  
 These islands were discussed to be associated to the virulence of the 
different strains, being as an example, Corby and Alcoy the ones with the 
highest number of islands related to virulence and DNA transfer. Some of 
these islands provide L. pneumophila systems for protecting themselves 
against foreign DNA, such as CRISPRs or toxin-antitoxin systems236,271. As 
an example of the potential benefit of incorporating one of these mobile 
elements, Flynn and colleagues (2014)273 reported an integrative 
conjugative element, denoted as ICE-βox, that provides resistance to β-
lactam antibiotics and oxidative stresses. This element was discussed to 
increase survival within macrophages as well as L. pneumophila fitness in 
natural and engineered water systems. 
!34 
!
Figure 9 | Distribution of genomic islands over the Sequence-Based Typing tree 
topology of five L. pneumophila reference genomes (Alcoy, Corby, Paris, 
Philadelphia and Lens). Branch colours represent different island types (see 
legend). R: Resistance; TS: Transport/Secretion; DT: DNA transfer; C: CRISPR; 
PR: Phage related; ND: Not defined. Next to the tree, the multiple genome 
alignment of the five strains is shown (MAUVE software274), with the different islands 
marked along the genomes in their corresponding colours (adapted from D’Auria et 
al, 2010)236. 
4.3. Implications for outbreak investigations 
 Whole-genome sequencing is being increasingly applied to other fields 
apart from the determination of a complete genome from a new species or 
comparative genomics. Public health has been shown to benefit from these 
high-throughput approaches as they can complement the epidemiological 
investigation during outbreaks. Specifically, when cases of infection are 
suspected to be part of a cluster, one of the key questions to solve is if they 
have been caused by same or different strains275. Molecular epidemiology 
typing tools have been widely used to establish the relatedness between the 
strains causing the different cases. This has been achieved either by 




bacterial isolates to sequence types, which can be further grouped into 
clonal complexes220,275,276. However, even sequence-based approaches, 
such as MLST, only include a small portion of the genome under study. This 
means that they can have low resolution when there is further variability 
outside the analysed loci determining sublineages or clusters. 
 From Sanger sequencing277, which pioneered the massive study of 
complete genomes especially in organisms of small genome size such as 
viruses278, the biggest explosion in genome sequencing of microorganisms 
came with the arrival of bench-top sequencers279. These have allowed an 
increasing throughput of WGS at a rapidly decreasing cost, thus already 
making it the gold standard molecular typing method for surveillance and 
outbreak investigation280. This approach has allowed not only the 
sequencing of new bacterial species, but also the study of outbreaks in real 
time, such as during the 2011 European outbreak of Escherichia coli 
O104:H4281,282, or the development of massive re-sequencing projects. As 
an example, several clusters within a single sequence type causing a 
methicillin-resistant Staphylococcus aureus outbreak were detected using 
WGS283. In this thesis we have used this approach to characterize two 
sublineages of L. pneumophila ST578 colonizing the endemic area of Alcoy 
(Alicante, Spain) (see Chapter 5).  
 The higher discrimination provided by WGS leads to the discovery of 
SNPs between strains that can help to determine the transmission routes, a 
strategy that has been widely used for pathogens with patient-to-patient 
transmission such as M. tuberculosis284,285, M. abscessus286 or K. 
pneumoniae287. Interestingly, WGS has already unveiled the historical 
patterns of global dissemination of pathogens251 such as Yersinia pestis288, 
responsible for the Black Death, Mycobacterium leprae289, the causal agent 
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of leprosy, or Vibrio cholerae290, currently causing the seventh cholera 
pandemic. Furthermore, apart from additional discrimination between 
outbreak strains, WGS links epidemiology to the biology of the pathogen, its 
genome structure, evolution and gene content, providing also information on 
important markers such as those involved in resistance and virulence276. 
 WGS can contribute to different steps of an outbreak investigation, 
from the initial confirmation of the outbreak, to the generation of hypotheses 
using geographical or temporal data or the institution and verification of 
control measures, as reviewed in Robinson et al (2013)275. However, all the 
new opportunities provided by WGS also imply many challenges, mainly the 
processing and storage of huge amounts of data275,291. For genomic 
epidemiology to be applied routinely in outbreak investigations and 
surveillance programs, there is still a further need of standardization of 
methods, centralization and expansion of genomic databases. Besides, 
having a good genomic representation of the pathogen population in order 
to have a deeper overview of the global strain diversity, as well as a 
centralized amount of accessible reference genomes, would enhance the 
epidemiological investigation. However, this is still not available for most 
species292. Although large genome sequencing centres and some public 
health departments can currently afford to use WGS and have the expertise 
to process the resulting data, this is still a medium-term goal for most public 
health and hospital laboratories that cannot replace the standard typing 
methods yet. Furthermore, although providing loads of data, the genomic 
investigation of an outbreak can complement but not replace the 
epidemiological investigation, which is indispensable for linking possible 




 In the case of legionellosis, the use of standard typing tools has led to 
the general belief that outbreaks are caused by a single source 
contaminated by a clone that overgrows due to environmental factors. Then, 
bacterial clones are released in aerosols from which they infect and produce 
disease in susceptible people. Thus, a match between the sequence type of 
clinical and environmental isolates, although infrequent, has been 
considered sufficiently decisive to declare the source as identified. Chapter 5 
shows the first work published up to date that uses WGS to characterize 13 
different outbreaks caused by L. pneumophila ST578 during 10 years in a 
locality in which it is considered to be endemic. Results revealed the 
underlying diversity within this sequence type, with different strains 
contributing to the same outbreak, and the high impact of recombination on 
outbreak-causing strains. Only two other works published up to date have 
applied WGS to study legionellosis outbreaks241,293. 
5. Life within a community: lessons from metagenomics. 
 Legionella has a biological cycle in which intracellular life is essential5. 
Other bacterial pathogens also replicate inside protozoa, such as 
Mycobacteria, Chlamydia, Listeria, Burkholderia or Francisella, as reviewed 
in Harb et al (2000)294. Other non-pathogenic microorganisms have also 
been found in the cytoplasm of amoebae268, thus meaning that Legionella 
and other intracellular organisms are not alone inside their hosts or 
biofilms21. In order to study bacterial communities, the standard procedure 
until the early 90’s relied on microbial identification of isolates from cultures 
followed by further microbiological and biochemical characterization295. 
However, it has been known for many years that some viable strains of 
different species are not culturable, either because the culturing conditions 
are not suitable for them and they enter in a non-culturable state or because 
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they are not culturable295,296. It is interesting to point out the results of a 
recent report by Tanaka and colleagues (2014)297 in which they discuss the 
high proportion of unculturable species to result from a pitfall in the 
preparation of agar media. This non-culturability has been estimated to 
affect up to 99.8%298 of the microbial species, which makes their 
characterization very difficult. This has led to the development of culture-
independent strategies and the application of genomic sequencing to 
complex microbial communities, in what is currently known as 
metagenomics.  
 Genomic procedures using cloning of DNA fragments and Sanger 
sequencing started to be applied to complex samples in the early 2000s299. 
This further evolved to high throughput approaches with larger studies such 
as the Global Ocean Sampling (GOS)300 or TARA Oceans301. Other large 
projects are aimed at characterizing the global microbial diversity of our 
planet (Earth Microbiome Project302; www.earthmicrobiome.org) as well as 
the bacterial populations colonizing indoor environments such as the Home 
Microbiome Study (www.homemicrobiome.com) or the Hospital Microbiome 
Project (www.hospitalmicrobiome.com). Human microbiota analyses are 
also leading the field with different consortia303 studying the bacterial 
communities of different parts of the human body, from the oral cavity304 to 
the gastrointestinal tract305. 
 Many of the works applying WGS to the study of microbial 
communities have used a direct approach to analyse the population 
composition by targeting the 16S ribosomal RNA (rRNA) subunit gene306. 
Specifically, DNA is extracted from the samples and a targeted PCR is 
applied to amplify this segment using universal primers. 16S rRNA is used 
because it is known to be conserved among species and thus, to be 
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representative of the taxonomic classification307. This methodology 
overcomes the problem of the high amount of material needed for 
constructing the sequencing libraries, because the product comes from PCR 
amplification. However, the method is targeted only to bacteria and has 
numerous pitfalls in the PCR amplification step, such as the formation of 
chimeras, the introduction of contaminants in the process that are amplified 
during PCR or the amplification bias toward certain species308. In cases in 
which total DNA yields sufficient material, direct shotgun sequencing of the 
extracted nucleic acid material is recommended in order to overcome these 
problems. However, both techniques have been shown to be extremely 
sensitive to contamination, especially in highly diluted or low biomass 
samples309.  
 Regardless the sequencing approach, the resulting composition of the 
population represents just a fraction of the community. A large portion of the 
reads normally remains taxonomically unassigned due to lack of 
representation of all the variability in the databases. Woyke and Rubin 
(2014) hypothesized that these unassigned reads could come from an 
undiscovered domain of life310. In the case of metagenomics, data handling 
also remains a challenge, because the methodology needs to be adjusted 
from the study of single species in genomics to dealing with a mixture of 
sequences from a complex population. In addition, processing huge 
amounts of data requires a higher expertise in bioinformatics than other 
simpler works in which fully automated pipelines can be sufficient311–313.  
 Metagenomic efforts to characterize environmental communities have 
been mainly focused on different water sources and to which the GOS 
project has made a huge contribution. For instance, they have characterized 
different surface ocean, marine, freshwater and hypersaline 
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samples300,314,315, following the pioneering study of the Sargasso Sea by 
Craig Venter and colleagues (2004)316. In fact, although using standard 
cloning approaches, the firsts studies analysing marine communities date 
from the early 90’s317. Although the bacterial composition of surface waters 
seem to be homogeneous, salinity gradients have an important effect with 
different taxonomic groups dominating distinct salinity regimes318. Other 
natural water sources such as deep-sea hydrothermal vent chimneys319, 
coastal lagoons320, hot springs321 or salty ponds322,323 have also been studied 
with high throughput sequencing approaches. Besides, metagenomics has 
also been used to study the effect of disinfectants on the bacterial 
communities in water distribution systems324–326, where the genus Legionella 
was found in a fraction below 1% of the total bacterial abundance325,326. 
Yooseph and colleagues (2013) also reported Legionella as one of the most 
abundant genera in an air sample taken from an outdoor environment in 
New York City327. 
 Analyses on biofilms created in the surfaces of drinking water 
networks started to be reported in 2003 using 16S-targeted and random 
sequence cloning, with Rhizobium, Pseudomonas and Escherichia being the 
most abundant genera328. A more limited diversity was found in a study of 
the bacterial composition of a corrosive biofilm associated to steel 
pipelines329. Recently, 16S rRNA pyrosequencing has been applied to the 
study of differences in abundance and composition of biofilm communities in 
drinking water distribution pipes330,331, mainly dominated by Methylomonas, 
Acinetobacter, Mycobacterium and Xanthomonadaceae331. The impact of 
water treatment procedures as well as water conditions and pipe materials 
has also been reported targeting 16S rRNA and even 18S rRNA to evaluate 
microbial and eukaryotic diversities. These works also evaluate the impact of 
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introducing L. pneumophila and one of its amoebal hosts, Acanthamoeba 
polyphaga, in the ecosystem332–334. To our knowledge, there is no work that 
assesses both bacterial and eukaryotic diversity in biofilms obtained from 
natural springs using direct shotgun sequencing. Further discussion on this 

















































 This thesis aims at getting a deep insight into the molecular 
epidemiology of L. pneumophila populations through standard genetic and 
high-throughput genomic approaches and its applicability to public health 
investigation of legionellosis outbreaks. The specific goals are the following: 
• To study the genetic variability and structure of L. pneumophila 
sequence types populations in Comunidad Valenciana, second region 
in Spain with the highest incidence of legionellosis. 
• To develop a sensitive method for L. pneumophila detection from 
environmental samples independent from the microbiological culture 
with an immediate application to real-time outbreak investigations. 
• To apply high throughput sequencing approaches to study how 
variability is acquired in L. pneumophila populations at a local scale 
and find genomic traces of recombination. 
• To evaluate the phylogenetic and phylodynamic relationships between 
outbreak-related strains, specifically of ST578, recurrent in the locality 
of Alcoy (Alicante, Spain), at the genomic level. 
• As Legionella is a frequent inhabitant of the freshwater microbiota and, 
specially, the associated biofilms, to explore the composition of the 
microbial, eukaryotic and viral community of biofilms from natural 
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Geographical and temporal structure of Legionella 
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Legionella pneumophila is an accidental human pathogen associated 
to aerosol formation in water-related sources. High recombination rates 
make Legionella populations genetically diverse, and near two thousand 
different sequence types (STs) have been described for this environmental 
pathogen up to date. The spatial distribution of STs is extremely 
heterogeneous, with some variants being present worldwide while others are 
detected only at a local scale. Similarly, some STs have been associated to 
disease outbreaks, such as ST578 or ST23. 
Spain is among the European countries with highest incidence rates of 
reported legionellosis cases and, specifically, Comunidad Valenciana (CV) is 
the second most affected area in the country. In this work, we aimed at 
studying the overall diversity of L. pneumophila populations found in the 
period 1998-2013 in 79 localities encompassing 23 regions within CV. To do 
so, we performed Sequence-Based Typed (SBT) on 1,088 L. pneumophila 
strains detected in the area from both environmental and clinical sources. A 
comparison with the genetic structuring detected in a global dataset that 
included 28 mainly European countries was performed. Our results reveal a 
level of diversity in CV that can be considered representative of the diversity 
found in other countries worldwide. 
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Introduction 
 The main reservoirs of Legionella pneumophila in natural habitats are 
water-related environments, where it is known to form biofilms in surface 
interphases31. L. pneumophila can multiply actively within those complex 
structures21, disperse through the water flow and colonize different urban 
water distribution systems and risk facilities, such as cooling towers335. 
Aerosols loaded with sufficient amount of this bacterium contribute to its 
dispersal5 and, when inhaled by humans, it can produce an opportunistic 
pneumonia known as Legionnaires’ Disease (LD)82. No person-to-person 
transmission has been reported for Legionella so that it is commonly 
considered as a strictly environmental pathogen5. 
 Different molecular markers have been used to characterize Legionella 
populations in previous genetic studies196, but Sequence-Based Typing 
(SBT) has become the current gold standard typing tool216,217. Apart from its 
utility in the epidemiological investigation of LD outbreaks117,336,337, SBT 
provides nucleotide sequence data that can be used for further analysis on 
genetic variability and population structure267,338. A recent study has shown 
that, even though undetected genomic variability within sequence types (ST) 
could mislead the identification of Legionella reservoirs during outbreak 
investigations, genetic distances using SBT data correlate significantly with 
genome-wide estimates339. 
 Characterizing the distribution of different STs across space and time 
is essential to better understand dispersal patterns of environment-
associated bacteria. This is particularly true for L. pneumophila, which is 
generally considered as an accidental pathogen10. Our team has been 
analysing most of the detected strains during outbreak investigations and 
surveillance programs in the Comunidad Valenciana (CV) region for more 
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than 15 years. During the period 1999-2011, CV and Cataluña summed over 
three-quarters of the total legionellosis outbreaks reported in Spain, with 124 
and 331 registered episodes, respectively340. Despite being the second most 
important Spanish region in number of reported LD cases, Legionella 
populations in the CV region are still poorly characterized. An initial report 
using only three loci from the SBT scheme to genotype a few isolates from 
the Alicante province (within the CV region) already revealed a large 
variability within this area338, comparable to that found in Europe.  
 In this work, we present an extensive survey of the genetic variability 
and population structure of L. pneumophila strains, including over 1,000 
isolates sampled throughout the whole CV during the 1998-2013 period. In 
addition, we compare the genetic diversity detected in the CV with the L. 
pneumophila Sequence-Based Typing database221, which includes strains 
from 28 different countries, mostly from Europe. Our objective is to provide a 
more thorough view of the genetic diversity of this opportunistic pathogen at 
different geographic scales, which can be used for epidemiological analyses 
in the area in subsequent years. 
Materials and Methods 
Strain collection and processing 
 A total of 1,088 clinical and environmental samples were collected 
across the CV region during the period 1998-2013 (Table S1). Specifically, 
398 samples were from clinical origin (sputums, broncho-alveolar aspirates 
or L. pneumophila isolates) and 690 were from environmental sources 
(Table S1), mainly isolates from water. Samples were obtained during 
routine surveillance programs for Legionella control as well as outbreak 
investigations in 97 different localities spanning 24 regions (Fig. S1 and 
Table S2). All the samples were referred to our laboratory for Legionella 
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detection and genetic characterization.  
 DNA was extracted from pure cultures by suspending bacterial 
biomass in water and applying a thermal-shock protocol as described 
previously341. Sputums and similar samples were treated with UltraClean® 
BloodSpin® DNA Isolation Kit following the manufacturer’s instructions to 
extract total DNA. Quantity and purity of the nucleic acids were measured 
using NanoDropTM 1000 (Thermo Scientific) and DNA was stored at -20ºC 
until used.  
Sequence-Based Typing (SBT) 
 The seven loci of the SBT scheme for L. pneumophila (fliC, pilE, asd, 
mip, mompS, proA and neuA)215–217 were amplified using standard PCR. 
Primers, mixture, amplification and sequencing conditions were performed 
as described previously341. A semi-nested PCR was subsequently applied 
on the samples coming from sputums and similar samples as described 
elsewhere228. Consensus sequences were retrieved for the amplified loci in 
all the samples by using forward and reverse chromatograms with the 
Staden package342. The corresponding allele for each sequence was 
assigned comparing with the Legionella SBT database221.  
SBT clustering and phylogenetic reconstruction 
 Isolates with complete allelic profiles (n=643) were used for clustering 
the different patterns into groups of Single Locus Variants (SLV) using the 
goeBURST full MST (Minimum Spanning Tree) algorithm in PHYLOViZ 
v1.1343. Strains from the CV with at least four successfully genotyped loci 
(n=778) were used for phylogenetic inference. Sequences for the SBT loci 
were concatenated for each isolate using R344. Missing loci were replaced by 
gaps. Maximum likelihood (ML) phylogenetic reconstruction was performed 
over the concatenated alignment with RAxML v7.2.8345 using the 
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GTRGAMMA model of nucleotide substitution and 1,000 bootstrap replicates. 
The Interactive Tree of Life (iTOL)346 utility was used to visualize and 
collapse the resulting phylogenetic tree.  
 We have previously shown that genetic variability in the genome of L. 
pneumophila strains is derived from recombination rather than substitution 
processes339. This frequent exchange or acquisition of genetic material 
makes the actual relationships among strains to be better represented by a 
network than by a bifurcating tree. Therefore, the concatenated SBT 
haplotype sequences of the CV strains were used to build a Median Joining 
Network using Network v4.613 with an epsilon value of 10347. 
 The allelic profile of the SBT scheme was downloaded for the 1,709 
different sequence types available in the ESGLI database221 at the time of 
starting this work (February 2014; 6,478 entries). An alignment of the seven 
loci for each ST was retrieved by extracting and concatenating the different 
alleles with R344. The ESGLI-dataset multiple sequence alignment was also 
used for ML phylogenetic reconstruction as described above for CV data. 
Analysis of diversity and population structure  
 Estimates of the nucleotide divergence between L. pneumophila 
populations in the two different datasets (CV and ESGLI) was obtained 
using DnaSP v5.10.01348. The Ewens-Watterson test was performed using 
Arlequin v3.5.1.2349 over the different localities and regions in the CV as well 
as the different years of isolation. This test was applied to test whether the 
haplotype frequencies significantly deviated from the expected values under 
neutrality. Arlequin was also used for testing the partitioning of the genetic 
variation within and among localities and areas in the CV dataset (79 
localities over 23 areas) as well as different regions within countries in the 
ESGLI dataset (258 regions over 28 countries, mainly European but also 
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some American and Asian locations) using AMOVA. Travel-associated 
cases were not considered in the AMOVA test. Bayesian modeling (BAPS 
software)350 was applied in order to cluster the different STs into 15 
groups242. The resulting tree and BAPS clusters were visualized with iTOL346. 
 Two factors were used as metadata to analyze the population 
structure of L. pneumophila isolates in Comunidad Valenciana: year of 
isolation and geographic region. The xAMOVA test (Daniel Wilson, 
unpublished; http://www.danielwilson.me.uk/xAMOVA.html) was performed 
in order to estimate the component of variance explained by each factor 
(two-way AMOVA test). This is an extension of the original AMOVA test 
(Analysis of Molecular Variance)351 that considers the simultaneous effect of 
two variables over the overall variance. Statistical significance was 
estimated using 10,000 permutations. Waves of the most common 
sequence types along the different years were studied using R344.  
Results 
L. pneumophila diversity in the Comunidad Valenciana region 
 A total of 1,088 samples were recovered from 24 different areas 
across the CV and used for Legionella detection and additional SBT analysis 
in the period between 1998-2013 (Tables S1 and S2). At least one locus 
could be amplified from 888 (74.5%) samples, 220 from clinical origin and 
668 from environmental sources. From the 490 isolates with a known 
serogroup (3 clinical and 487 environmental), 73.8% (n=362) were of 
serogroup 1 (3 clinical and 359 environmental), known to be responsible for 
most of the clinical cases over the world5. From the 1,088 isolates, 643 could 
be successfully assigned to a specific ST (Tables S1 and S2) and up to 778 





Figure 1 | Bar plot representing the number of clinical and environmental strains of 
each Sequence Type (ST) detected in CV during the period 1998-2013. STs with 
less than five strains are grouped as “Other_STs”. 
 From a total of 102 different STs found in the completely characterized 
CV dataset (n=643), 54 (52.9%) were found at least twice, and the rest were 
singletons (Fig. 1). About 55% of the strains belonged to only 9 STs. 
Specifically, the most frequently isolated sequence type was ST1 (n=203) 
followed by ST578 (n=65), ST181 (n=49), ST42 (n=28), ST23 (n=28), 
ST1358 (n=21), ST2 (n=13), ST269 (n=11) and ST37 (n=10). These STs 
were found spread all over the global phylogenetic tree, showing the high 
diversity of the L. pneumophila populations in CV (Fig. 2). Twenty-two 
different STs were found in clinical samples, representing only a subgroup of 
the overall environmental variability. Twelve of those STs were also found in 
the environment (ST1, ST20, ST23, ST37, ST42, ST75, ST181, ST367, 
ST448, ST578, ST637 and ST1012). For the ten STs only found in patients, 
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we only had one or two isolates, except for ST1394 (n=5). 
 
Figure 2 | Maximum likelihood phylogenetic tree of the 778 L. pneumophila strains 
from CV with at least 4 SBT loci sequenced. Clades with more than one strain of the 
same sequence type (ST) have been collapsed (see legend for colour differentiation 
of collapsed clades according to the number of samples in each ST). Shadowed 
clades (C1, C2, etc.) represent the different BAPS clusters as estimated from the 
ESGLI dataset. Yellow diamonds mark STs that have been detected in clinical 




 The Median Joining Network shown in Fig. 3 depicts the complex 
relationships between the different STs and suggests the existence of much 
more environmental variability than the one represented in our dataset. 
Using the SBT allelic profiles we detected 15 complexes of Single Locus 
Variants (SLVs) derived from a specific ST that could have acted as a 
founder for each of the complexes (Fig. 4). The different SLVs could have 
been formed either by accumulation of polymorphisms in one of the locus 
involved in the SBT scheme or by their involvement in recombination events. 
 
Figure 3 | Median-joining network built using Network for the haplotypes of the 643 
L. pneumophila strains with an ST assigned. Coloured dots correspond to STs 
found in the CV dataset: yellow dots represent STs with less than 10 cases and reds 
those with more. Nodes without dots represent undetected intermediate states 
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necessary to explain the observed variability. Branch lengths are proportional to the 
number of nucleotide differences. Shadowed clusters represent distant groups of 
STs whose links to the main network structure have been shortened for illustrative 
purposes. 
Geographical and temporal structure 
 Samples with a complete ST were obtained from 23 different regions 
in the CV. Several STs showed a wide distribution across those sampling 
regions (Fig. 4), with ST1 being the most widespread profile (18/23 regions), 
followed by ST181 (9/23 regions) and ST42 (8/23 regions). Nevertheless, 
ST578 was mainly found in the locality of Alcoy, where it is known to be 
endemic352 and other SLVs such as ST51 or ST637 were also exclusively 
found in the same area. ST1 was found in 41 different localities from 18 
regions whereas 73 STs were exclusively found in different localities spread 
over 36 regions. Forty-eight of these STs were detected only once 
(singletons). The Ewens-Watterson test was performed over the 23 different 
regions and 79 localities and revealed that the observed haplotype 
frequencies in the different locations did not deviate significantly from the 
expected values under neutrality (p-value > 0.05).  
 A temporal overview of the frequency of each ST per year revealed 
waves of STs arising in the area (Fig. 5), with ST1 being dominant in most 
years. The number of ST1 strains detected in the 16-year period analysed 
correlated with the diversity of haplotypes found per year (Pearson’s r = 
0.8644; p-value = 1.57E-05; Fig. S2). Nevertheless, years 2006 and 2009 
were found to deviate from this linear relationship, mainly because of the 
outburst of ST181 in 2006, affecting 4 different localities, and ST578 and 
ST42 in 2009, affecting one locality each (Fig. S2). The ST578 peak in 2009 
corresponded to an outbreak in the locality of Alcoy in 2009117. No further 
conclusion can be made from these results because of the implicit bias in 
the dataset under study, which is dependent on the different sampling efforts 
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made on specific points due to outbreaks or sporadic cases. To study the 
contribution of year and geographical region of isolation in the distribution of 
the genetic variability of L. pneumophila in the CV, we performed a two-way 
AMOVA test (Table 1). The results showed that 33.2% of the total variance 
could be explained by the geographic distribution (p-value < 0.0001) and 
that a 24.6% of the variance could be explained by differences in the 
population structure by year (p-value < 0.0001).  
 
Figure 4 | Minimum-spanning tree obtained with PhyloViz on the SBT profiles of 
643 L. pneumophila strains. Clusters of Single-Locus Variants (SLVs) have been 
shadowed. Pie charts represent the 102 different STs in the CV with size 
proportional to haplotype frequencies and the different colours refer to the 23 
different areas under study in the CV region (see legend). Numbers on branches 
represent the number of loci different from the founder ST. For SLVs the name of 
the changing locus is represented.  
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Table 1 | Two-way AMOVA test. The effect of geographical and temporal structuring 
on the genetic variability of L. pneumophila samples from the Comunidad 
Valenciana in the 1998-2013 period is evaluated. 
 
df = degrees of freedom. 
Seq SS = Sequential sum of squares deviations for each factor. 
Adj SS = Adjusted sum of squares deviations for each factor. 
MS = Mean square deviation (Adj SS/df). 
F = F-statistic representing the ratio between each factor (region/year) and other factors. 
!
Figure 5 | L. pneumophila STs detected in the period 1998-2013 in the CV 
represented as number of strains per year. Only the eight most abundant STs that 
appear more than one year are shown. 
Factor df Seq SS 
Adj 
SS MS F Variance %Variance P-value 
Region 22 3835.2 5434.1 247.00 17.615 10.99 33.15 <0.001 
Year 16 3644.5 3644.5 227.78 16.244 8.15 24.58 <0.001 
Others 604 8469.6 8469.6 14.02 - 14.02 42.27  
!
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Analysis of local versus global variability 
To better evaluate the levels of genetic diversity of L. pneumophila in 
CV, we compared results from our dataset with the global variability reported 
to the ESGLI database. Sequences from the seven loci of one 
representative of each of the 1,709 STs included in the ESGLI database 
were concatenated and a ML tree was inferred (Fig. S3). Concatenated 
sequences were clustered in 15 groups using BAPS and the results were 
incorporated into the phylogenetic tree. Approximately 20% of the profiles 
(n=339) could not be assigned to specific clusters and were considered as 
resulting from admixture. Cluster 8 was the group including more profiles 
(n=413, 24% of the total number of STs in the ESGLI dataset).  
 Isolates from the CV were present in 12 of the 15 BAPS clusters, 
although clinical strains only spanned six of them (Fig. S3; Table S3). 
Cluster 8 was also the most frequent in the CV (n=30, 29%), containing two 
of the most often detected STs (ST2 and ST578), followed by clusters 11 
and 12, with 24% and 13% of the CV STs respectively (Fig. S3). The other 
six most frequently reported STs clustered in five different groups and 
ST269 was found as a mixed profile (Table S3). Interestingly, one of the 
largest clusters in the ESGLI dataset (Cluster 3; 110 different STs) is 
scarcely represented in the Comunidad Valenciana, with only one ST 
detected in the entire region (Table S3). In general, the number of STs by 
cluster in the ESGLI dataset correlated significantly with the number of STs 
by cluster in the local CV dataset (Pearson’s r = 0.80; p-value < 0.001).  
 An AMOVA test using the nucleotide sequences from the SBT typing 
scheme was performed with the two datasets. In the ESGLI dataset, 
different regions (n=258) were grouped by country (n=28), while in the CV 
dataset different localities (n=79) were grouped by area (n=23). In both 
cases, the highest proportion of variation was found within populations 
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rather than among populations within groups or among groups (Table S4). 
However, the distribution of variation differed between the two datasets: the 
ESGLI dataset showed a lower proportion of variation among regions within 
countries (8.67% of variance) compared to among localities within areas in 
the CV dataset (43.79% of variance). In addition, a higher proportion of the 
total variation was found within populations in the global dataset (84.77%) 
than in CV (58.06%), reflecting the higher diversity within the first dataset 
(Table S4). In both cases, the highest proportion of the total variation was 
found within the smaller areas considered (regions within countries and 
localities within areas), meaning that the diversity of L. pneumophila found in 
CV is comparable to the diversity of other locations.  
 Genetic differentiation was assessed through the estimation of DNA 
divergence corrected using the Jukes-Cantor model of nucleotide 
substitution. The average number of nucleotide substitutions per site 
between both the ESGLI and CV datasets was estimated as Dxy(JC) = 
0.0214 + 0.0005 and the number of net nucleotide substitutions per site 
between populations as Da(JC) = 0.0004 + 0.0005. The intra-population 
nucleotide diversity estimates were comparable for both datasets (Pi(JC, 
ESGLI) = 0.0217 + 0.0003; Pi(JC, CV) = 0.0204 + 0.0009). The average 
number of nucleotide differences between ESGLI and CV was estimated to 
52.24 changes, also similar to the intra-population estimates (k(ESGLI) = 
53.37; k(CV)=49.69). These results further confirm that the high variability 
found in the Comunidad Valenciana is comparable to the overall variability 




 The genetic variability of L. pneumophila has been assessed for 
countries such as the United Kingdom, Belgium, Portugal and 
Italy210,223,226,353 but there is no similar information available from Spain, 
despite it being significantly affected by this opportunistic pathogen. Spain is 
known to be one of the countries with the highest number of reported cases 
of Legionnaires’ Disease6, and the Comunidad Valenciana is the second 
region with the most cases reported in the country. 
 In a previous work we described the variability of L. pneumophila in the 
Alicante province (South of CV) during three years, although only three of 
the current seven loci included in the SBT scheme were available at that 
time338. Here, we have analysed all the clinical and environmental strains 
that have been typed in our laboratory between 1998 and 2013. It is 
important to take into account that, as the samples were mainly obtained 
during the investigation of outbreaks and sporadic cases, there might be 
some bias to specific locations where these cases had occurred and where 
control measures were applied in a more intense manner. However, yearly 
data from routine environmental surveillance programs applied over risk 
installations in the whole area were also included, thus balancing the 
possible sampling bias.  
 L. pneumophila is a strictly environmental pathogen and human 
infection is considered as accidental10. As such, controlling this bacterium in 
the environment is the key point for controlling associated human infections. 
The CV has a high rate of reported cases of legionellosis and little is known 
about population structure of this bacterium in the environment. Our results 
show that, from the 643 samples fully typed in CV during 16 years, there is a 
high diversity of STs, with 102 different profiles detected in the region. ST1 
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was the most frequently found in environmental samples, with 203/643 
(31.6%) of the strains having this genetic profile, in agreement with previous 
reports in other areas197,226,354. ST578 was found as the second most 
frequently reported type (65/643, 10.1%), mainly due to the recurrent 
outbreaks that this ST has caused over the years in the locality of Alcoy339. 
Only a subset of all CV STs was found in the clinical cases, a result that has 
also been reported in other studies. For example, in a surveillance work that 
used 443 clinical and environmental isolates from England and Wales197, 82 
different STs were detected among the environmental strains and only 42 
different STs in the clinical isolates.  
 A Median Joining Network created using the SBT sequence data on 
the CV isolates showed a complex relationship between different STs. This 
complexity depicts the high rate of genetic exchange among L. pneumophila 
strains267,339. Many nodes are predicted that represent undetected genetic 
profiles and whose existence is postulated in order to explain the observed 
relationships between the STs in the network. These unobserved profiles 
could be STs that have rarely caused a clinical case, that are present in very 
low abundance in the environment or that are uncultivable. In fact, the 
environmental screening of water and biofilm samples using direct molecular 
methods has revealed the presence of mixed genetic profiles in samples 
resulting from the high underlying diversity present in the area352. Besides, 
looking at the combination of alleles of the SBT loci we can identify 15 
complexes among the 102 STs, most of them formed by an ST that acts as 
a founder and SLVs that could result from intergenic recombination events 
from the former one.  
 Other surveillance works have reported that, apart from the widely-
distributed ST1, particular STs might be more common in specific locations, 
such as ST47 in the United Kingdom and Belgium197,353 or ST23 in Italy226. 
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However, these STs can also be found sporadically in other places, showing 
the important spreading potential of this environmental pathogen. For 
instance, ST23 was found to cause an important outbreak in a hotel in the 
coastal city of Calpe (Alicante, Spain) in 2012107. Our analyses show that 
approximately 50% of the observed variability can result from geographical 
(33.2%) or temporal (24.6%) structuring (Table 1). Although 29 STs were 
found in more than one locality, the majority of profiles (73 STs considering 
the 48 singletons) were found exclusively in specific localities spanning 23 
different regions of the CV. However, no significant deviation from the 
expected haplotype diversity was found in the different localities and regions. 
The same result was obtained for samples taken in different years. 
Temporal structuring was found in the shape of waves of STs bursting at 
specific years, such as ST181 in 2006 or ST578 in 2009. Nevertheless, this 
result can be affected by the aforementioned sampling bias, because the 
high numbers of these STs are dependent on the sampling effort in those 
particular years due to outbreaks. ST181 was found in four different 
localities in 2006, so we can say more confidently that there was an outburst 
of this ST in the area. All the ST578 cases in 2009 corresponded to a 
specific outbreak occurred at that time in the locality of Alcoy117. 
 The comparison between the local (CV) and global (ESGLI) diversity 
of L. pneumophila revealed large similarities and little genetic differentiation 
between the two datasets. For instance, we mapped the different STs found 
in CV onto the global tree (Fig. S3) and found environmental representatives 
from the CV of 12 out of 15 of the clusters. STs found in clinical cases were 
included in only 6 of those clusters. In general, a good correlation was found 
between the numbers of STs from each dataset in each cluster. An analysis 
of variance over the global dataset, encompassing 258 regions from 28 
different countries, showed that most of the variability was found within the 
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different populations, meaning that there is a high diversity of L. 
pneumophila in most of the locations included in the test. A comparable 
result was obtained with the 79 localities spanning 23 areas in the CV. 
These results support the results of a previous work that already detected 
that about 80% of the total genetic variability in a specific area within the CV 
could attributed to intra-population differences338. The level of nucleotide 
differentiation between the two datasets is similar to those of genetic 
diversity within each dataset. These results indicate that two strains from the 
same dataset are almost as likely to be as different as any other two strains 
from different datasets each. Furthermore, these high levels of variability are 
mostly found at the smallest geographic scales tested in each dataset and in 
many different places. Interestingly, this variability is mainly due to variants 
isolated only once, which might imply that even a higher diversity from 
undetected or uncultivable environmental strains remains yet undiscovered. 
 In conclusion, we have characterized the genetic diversity of clinical 
and environmental samples of Legionella pneumophila from the Comunidad 
Valenciana region in Spain from 1998 to 2013 and we have compared it with 
the overall variability as reported to the ESGLI database221 (mainly including 
samples from European countries). Although some STs have been found in 
specific localities, the most abundant STs can be found repeatedly in 
different countries. The high genetic variability detected can be created 
through the exchange of genetic material between strains that can spread to 
other locations. L. pneumophila is thought to be a recent pathogen for 
humans, that can spread to cause infections through aerosols and for which 
no person-to-person transmission has been reported, facts that contrast with 
the wide distribution of this pathogen. Genomic and metagenomic analyses 
will be crucial to evaluate the fitness of different lineages under distinct 
environmental conditions and more intense sampling projects could 
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potentially find additional reservoirs that explain the yet undetected genetic 
diversity of this bacterium. Furthermore, this information will be crucial to 
elucidate the factors responsible for the observed global distribution of some 
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Table S1 | Number of clinical and environmental samples analysed per year in the 
period 1998-2013. The same breakdown is also shown for the samples with a 
complete Sequence Type (ST). Two clinical samples with a complete ST do not 
have information about sampling year. 
Year All samples (1,088) Complete ST (643) 
Clinical Environmental Clinical Environmental 
1998 0 1 0 1 
1999 3 4 0 4 
2000 13 14 7 12 
2001 4 16 3 15 
2002 5 21 5 21 
2003 10 18 8 18 
2004 2 39 1 39 
2005 78 91 16 72 
2006 19 69 6 62 
2007 17 66 1 43 
2008 70 35 7 25 
2009 48 61 21 45 
2010 29 36 13 33 
2011 22 48 7 41 
2012 34 122 10 89 
2013 44 49 4 12 
Total 398 690 109 532 
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Table S2 | Number of clinical and environmental samples analysed per region in the 
Comunidad Valenciana (CV) in the period 1998-2013. The same breakdown is also 
shown for the samples with a complete Sequence Type (ST). 
CV region All samples (1,088) Complete ST (643) 
Clinical Environmental Clinical Environmental 
Alt Millars 0 8 0 8 
Baix Maestrat 15 33 1 13 
Baix Vinalopó 4 9 0 9 
Camp de Morvedre 0 12 0 8 
Camp del Túria 0 25 0 12 
El Comptat 5 24 1 22 
Els Ports 0 2 0 0 
La Foia de Bunyol 0 14 0 13 
L' Alacantí 1 7 1 6 
L' Alcalaten 0 9 0 5 
L' Alcoià 182 73 65 61 
L' Horta 4 41 0 21 
La Costera 6 60 0 51 
La Plana Alta 8 32 5 22 
La Plana Baixa 4 16 0 12 
La Safor 0 28 0 26 
La Vall d'Albaida 1 14 0 12 
Marina Alta 23 36 7 30 
Marina Baixa 59 36 17 15 
Oest 3 4 1 4 
Ribera Alta 43 39 8 31 
Valencia 12 68 1 56 
Vega Baixa 11 86 2 84 
Vinalopó Mitjà 17 14 2 11 




Table S3 | Distribution of STs in the 15 BAPS clusters of the ESGLI (global) and CV 
(local) datasets. The nine STs most frequently found in CV are assigned to their 













STs in CV Total Clinical Environmental 
Cluster 1 69 2 1 1 2.90 - 
Cluster 2 18 0 0 0 0.00 ST2, ST578 
Cluster 3 110 1 0 1 0.91 - 
Cluster 4 12 1 0 1 8.33 - 
Cluster 5 134 9 2 8 6.72 ST1 
Cluster 6  11 0 0 0 0.00 - 
Cluster 7 79 4 0 4 5.06 - 
Cluster 8 413 30 8 25 7.26 - 
Cluster 9 72 6 0 6 8.33 ST1358 
Cluster 10 12 0 0 0 0.00 - 
Cluster 11 42 10 0 10 23.81 - 
Cluster 12 85 11 2 11 12.94 ST37, ST181 
Cluster 13 38 2 0 2 5.26 - 
Cluster 14 106 5 2 4 4.72 ST42 
Cluster 15 169 13 6 12 7.69 ST23 
Admixture 339 8 1 7 2.36 ST269 
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Table S4 | Summary results from AMOVA tests performed on the global (ESGLI) 
and local (CV) datasets. Statistical significance (p-values) was obtained using 
10,000 random permutations. 

















230 14697.2 2.35 8.67 0.093 < 0.001 
Within 
regions 4567 105032.5 22.99 84.77 0.152 < 0.001 
Total 4824 129215.1 27.13 100   
















57 3832.8 11.19 43.79 0.430 < 0.001 
Within 
localities 563 8352.6 14.84 58.06 0.419 < 0.001 






Figure S1 | Map of the CV area (East of Spain). The number of samples analysed 





Figure S2 | Correlation between the number of ST1 strains and the number of 
different profiles detected in the CV per year. Years 2006 and 2009 are shadowed 




Figure S3 | Maximum likelihood phylogenetic tree performed over 1,709 different 
STs from the ESGLI database. Clade colours represent BAPS clusters (see 
legend). Green (environmental samples) and red (clinical samples) lines in the outer 
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 Legionella pneumophila infects humans to produce legionellosis and 
Pontiac fever only from environmental sources. In order to establish control 
measures and study the sources of outbreaks it is essential to know the 
extent and distribution of strain variants of this bacterium in the environment. 
Sporadic and outbreak-related cases of legionellosis have been historically 
frequent in the Comunidad Valenciana region (CV, Spain), with a high 
prevalence in its Southeastern-most part (BV). Environmental investigations 
for the detection of Legionella pneumophila are performed in this area 
routinely. We present a population genetics study of 87 L. pneumophila 
strains isolated in 13 different localities of the BV area irrigated from the 
same watershed and compare them to a dataset of 46 strains isolated in 
different points of the whole CV.  
 Our goal was to compare environmental genetic variation at two 
different geographic scales, at county and regional levels. Genetic diversity, 
recombination and population structure were analyzed with Sequence-
Based Typing data and three intergenic regions. The results obtained reveal 
a low, but detectable, level of genetic differentiation between both datasets, 
mainly, but not only, attributed to the occurrence of unusual variants of the 
neuA locus present in the BV populations. This differentiation is still 
detectable when the 10 loci considered are analyzed independently, despite 
the relatively high incidence of the most common genetic variant in this 
species, sequence type 1 (ST1). However, when the genetic data are 
considered without their associated geographic information, four major 
groups could be inferred at the genetic level, which did not show any 
correlation with sampling locations. The overall results indicate that the 
population structure of these environmental samples results from the joint 
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action of a global, widespread ST1 along with genetic differentiation at 
shorter geographic distances, which in this case are related to the common 
watershed for the BV localities. 
Introduction 
 Legionella pneumophila is a Gram-negative bacterium commonly 
found in superficial-water ecosystems and in association with microbial 
biofilms5. From there, it is capable of colonizing urban and industrial water-
supply systems, spreading into the environment through aerosols and 
causing infection when inhaled by susceptible persons. 
 L. pneumophila was first reported as a pathogen after an acute 
pneumonia outbreak in Philadelphia (USA) during a convention of the 
American Legion in 197682. Since then, numerous community- and travel-
associated outbreaks of Legionella-associated cases have been reported. 
The most severe form of pneumonia caused by Legionella infection is known 
as Legionnaires‘ disease but there is also a milder, flu-like form known as 
Pontiac fever88. 
 Although other species of Legionella are capable of producing 
infection, L. pneumophila serogroup 1 is responsible for about 84% of 
sporadic cases and outbreaks of legionellosis in the world and 95% in 
Europe355. These bacteria can multiply intracellularly in amoebas and other 
ciliate hosts25. Moreover, the pathogenesis of Legionella is comparable 
between amoebas and human macrophages5; in fact, these bacteria are 
able to enter their hosts by both traditional and coiling phagocytosis356. 
 The currently accepted typing scheme for L. pneumophila is known as 
Sequence-Based Typing (SBT)215,217, a variant of the Multilocus Sequence 
Typing (MLST) method220. In the case of L. pneumophila, the SBT scheme is 
based on PCR amplification and sequencing of 7 loci, including two 
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housekeeping genes (asd, neuA) and five genes associated with virulence 
(fliC, pilE, mip, proA, mompS). But these loci only provide genetic 
information on approximately 3 kb of the analyzed strains, in comparison to 
the whole L. pneumophila genome (approximately 3.5 Mb)52,72,235,236,240. In 
order to increase the level of resolution for epidemiological studies, Coscollá 
and González-Candelas267 studied 13 intergenic regions of the bacterial 
genome. In fact, the combination of only three of these markers provided an 
index of discrimination (ID) of 0.88, exactly the same as the discriminating 
ability of the six genes established by ESGLI216, which increased when 
combined with these intergenic regions.  
 Our research group has reported previously about the genetic 
variability of L. pneumophila strains distributed all around the Comunidad 
Valenciana (CV) region (Spain) isolated from different environments225,267. 
This region is located along the East of Spain, in the Mediterranean coast, 
with a surface of 23,255 km2 and a population of about 5,000,000 
inhabitants. Legionellosis outbreaks and cases have been frequent in this 
area, with the first documented outbreak having occurred in a hotel in 
1973357,358. The main interest of this work resides on the characterization of 
the genetic variability, recombination and population structure of L. 
pneumophila strains isolated from a specific water distribution network, fed 
from the same watershed, in a localized area within the Comunidad 
Valenciana. This is a relatively small territory, with 1,000 km2 and 400,000 
inhabitants located at the South of the CV (Alicante province), hereafter 
denoted as BV. We were interested in gaining insight on the distribution of 
genetic variation in this species at local geographic scales and its relation to 
those in related localities, in this case connected by the same major 
watershed. 
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Materials and methods 
Samples 
 A total of 133 environmental samples were included in this study. Of 
those, 87 were collected from 1998 to 2006 during regular surveillance for 
Legionella in different points of the water distribution network that supplies 
13 populations in the Alicante province (Comunidad Valenciana, Spain) from 
the same watershed. These locations are denoted as BV. Sampling points 
were always pre-defined places of the water system where routine water 
quality control monitoring was usually performed and consisted in small and 
closed installations in the street for collecting representative water samples, 
avoiding cross-contamination. Data from 46 additional isolates were 
retrieved from a previous work by our group225, and consisted of L. 
pneumophila environmental strains sampled around other localities of the 
Comunidad Valenciana (denoted as CV). Samples were obtained with 
permission from the Environmental Health Service, Conselleria de Sanidad, 
the authority in charge of environmental surveillance for water-borne 
pathogens across the Comunidad Valenciana, the Spanish region studied in 
this work. No clinical or human origin samples were used in this study and 
no animals were used in it. 
 Bacterial colonies from pure cultures were suspended in 200 µL of 20% 
Chelex 100 resin (Bio-Rad Laboratories, Richmond, CA). DNA was then 
extracted by three freeze-thaw cycles (4ºC for 5 min and 99ºC for 5 min), 
and cellular debris was removed by pelleting at maximum speed for 1 min. 
The quantity of genomic DNA and its purity were measured by 
spectrophotometry at 260 nm in triplicates using the A260/A280 ratio with 
NanoDropTM 1000 (Thermo Scientific). Purified DNA was stored at -20ºC 
until used.  
!
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PCR amplification and product purification 
 The seven regions of the L. pneumophila genome used for typing (fliC, 
pilE, asd, mip, mompS, proA and neuA)216,217 and three intergenic regions 
(L2, L6 and L14)267 were amplified by standard PCR. 
 Amplification mixtures contained 1X standard reaction buffer with 2 
mM MgCl2 (Biotools), 1 U DNA polymerase (Biotools), 100 µM of each 
primer, 50 ng of sample DNA and ultrapure water until a final volume of 50 µl. 
The oligonucleotides used for the SBT scheme gene amplification were 
described by Gaia et al (2005), except those for neuA, which were designed 
by our group to improve amplification results (neuAB_F: 
ACCGATAGTAAACAAATAGC, neuAB_R: TTCTGTTAGAGCCCAATCGA, 
optimal melting temperature 56ºC; Coscollá et al, unpublished), although 
other combination of primers were published in Farhat et al359.  
 The amplification program consisted of a 2 min denaturation step at 
94ºC, 35 cycles of denaturation (30 s at 94ºC), annealing (30 s at the 
optimal annealing temperature for each pair of primers216,267 and extension 
(30 s at 72ºC). Finally, the reaction was subjected to a final step at 72ºC for 
8 min. PCR products were then purified using NucleoFast® 96 PCR Plates 
(Macherey-Nagel) following the centrifugation protocol, eluted in 50 µl of 
ultrapure water and finally stored at -20ºC until sequencing. 
DNA sequencing 
 Purified PCR products were subjected to Sanger sequencing using 
BigDyeTM Terminator v3.0 Ready Reaction Cycle Sequencing Kit (Applied 
Biosystems) and analyzed in an ABI PRISM 3700 sequencer (Applied 
Biosystems, Foster City, CA). The program consisted of 60 cycles of 10 min 
at 94ºC, 5 s at 50ºC and 4 min at 60ºC. The oligonucleotides used for 
sequencing were the same used in the amplification reaction except for 
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mompS. In this case, an inner reverse primer was applied, as previously 
described216. Chromatograms were processed by gap4 and pregap4, from 
the Staden package342, to obtain a consensus sequence for each locus.  
 Newly determined sequences are publicly available in GenBank with 
accession numbers KC409659-KC410574. 
Sequence analysis 
 Two concatenates of sequences were prepared, one with the six loci 
of the initial SBT scheme (without neuA and the three intergenic regions)216 
and the other with all ten loci. The concatenation was made using BioEdit 
(available from http://www.mbio.ncsu.edu/BioEdit/bioedit.html) according to 
their relative position in the L. pneumophila str. Philadelphia genome. 
Sequences were aligned with Muscle360,361, implemented in MEGA v5.0362. 
 The best substitution model for both concatenates was assessed with 
jModelTest363. The application of the Akaike Information Criterion (AIC)364 
resulted in the selection of GTR+Γ as the best model for these data, and this 
was used for phylogenetic reconstruction following the maximum likelihood 
(ML) method implemented in RAxML v7.2.8345.  
Genetic variability 
 Genetic variability was analyzed with DnaSP v5.10.01348. The studied 
parameters were the number of polymorphic sites (S), haplotype diversity 
(Hd)365, nucleotide diversity (π)365, average number of pairwise differences 
(k) 366, and population mutation rate per site (θ)367. 
Topological congruence 
 We investigated the topological congruence between the ML trees of 
each DNA fragment analyzed independently, and also with the trees 
resulting from two concatenates: 9 (without neuA) and 10 loci. As different 
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methods for testing topology congruence have distinct drawbacks, 
potentially resulting in biased results, three different tests were performed. 
The Shimodaira-Hasegawa (SH) test368 is dependent on the best tree to be 
included among those considered in the test and behaves conservatively as 
the number of input trees increases. The Expected-Likelihood Weight (ELW) 
test369 is independent of the true best tree, but it needs long sequence 
datasets to correct for possible model miss-specification. Finally, the 
Approximately Unbiased (AU) test370 is based on a multiscale bootstrap to 
correct for selection bias, although, if many of the candidate trees are almost 
equally well supported, the best true tree might be missed due to an over-
confidence in the wrong ones. In order to assess the potential rejection of 
any of the 12 tested topologies by each of the corresponding datasets, the 
first two tests were performed using TREE-PUZZLE v5.2371 and the third one 
with CONSEL372. 
Recombination 
 RDP3373 was used to test for possible intergenic and intragenic 
recombination events in this dataset by applying seven detection methods: 
RDP374, GENECONV375, Bootscan/Recscan376, MaxChi377, Chimaera378, 
SiScan379 and 3Seq380. The circularity of the Legionella genome was taken 
into account for these tests. The significance level was established at 
p<0.05 and Bonferroni’s correction for multiple comparisons was applied. 
Only recombination events detected by at least two of the methods were 
considered.  
 As RDP3 detects potential breakpoints in the alignment, in order to 
confirm the distinct phylogenetic history of the regions involved in 
recombination events and their flanking fragments, the 10-loci alignment 
was split in two parts and ML trees were inferred for each one. One portion 
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of the alignment included the putative recombinant region detected by RDP3 
while the other included the concatenate of the corresponding flanking 
regions. Subsequently, these topologies were used for testing their 
reciprocal congruence with the corresponding alignments using the SH368 
and ELW tests369 with TREE-PUZZLE v5.2371. 
Population structure 
  Structure v2.3381 was applied for inferring population structure using 
haplotype data with no prior information. The potential number of 
populations (K) was assessed 10 times from K = 2 to K = 10 using the 
linkage model382 with a burn-in of 20,000 generations and 100,000 MCMC 
iterations. The results were processed with Structure Harvester online 
(http://taylor0.biology.ucla.edu/struct_harvest/) and subsequently with 
CLUMPP v1.1.2383 to obtain a consensus result for the 10 replicates for each 
K value, which was graphically represented with Distruct384. The optimal 
value of K was assessed using Evanno’s method, which is based on the 
second-order rate of change of the log probability of the data between 
consecutive values of K385.  
 Moreover, population structure was further studied by estimating 
variance components and F-statistics through an Analysis of Molecular 
Variance (AMOVA)351, as implemented in Arlequin v3.5 (available from 
http://cmpg.unibe.ch/software/arlequin3). This analysis provides the 
percentage of genetic variation within and among populations (fixation index, 
FST), which represents the correlation of random haplotypes within 
populations, relative to that of random pairs drawn from the whole species351. 






 We tested for deviations of neutrality in each of the 10 loci using 
Tajima’s D, Fu & Li’s D* and F* and Fu’s Fs tests as implemented in DnaSP 
v.5.10.01348. Statistical significance was evaluated from 1,000 coalescent 
simulations and the false discovery rate (FDR)386,387 method was applied to 
correct for multiple comparisons (α = 0.025).  
Results 
Sequence typing  
 The allelic profile of the 87 isolates from BV was obtained by 
sequencing the seven loci in the ESGLI typing scheme. For the 46 strains 
from CV, the neuA locus was sequenced, thus allowing the assignment of 
the corresponding sequence type (ST) from the information in the ESGLI 
database. Four neuA alleles in BV samples were widely divergent from 
those traditionally included in the ESGLI database, but have recently been 
described as a different group of neuA variants359 (Table S1) denoted as 
neuAh.  
 The 133 isolates corresponded to 30 different STs (Table S1). Most of 
these (22 STs from 28 isolates) were exclusive to one single locality, and 
only three (ST1, ST777, and ST1356) were present in more than 3 locations 
(Table S2). The most frequent variant was ST1, which corresponds to strain 
Paris72, present in 63 isolates from 16 different localities. In fact, this ST was 
found in all but two sampling locations (CV-5 and BV-14) where only 4 and 1 
samples had been taken, respectively. ST1356 was present in 6 locations 
from BV, with a total of 21 isolates, whereas ST777 was found in 4 localities, 
one from CV and three from BV, for a total of 6 isolates. Three additional 




 The main genetic variability parameters estimated from our data are 
shown in Table 1. These data allowed the comparison between the genetic 
variability of 87 L. pneumophila strains from BV and the 46 isolates from the 
rest of the CV. The 67 bp non-coding fragment at the beginning of the pilE 
region was analyzed separately. Also, the presence in BV of four divergent 
alleles in the neuA gene (see above) led us to split this locus into two groups 
for comparison purposes. 
 Haplotype diversity (Hd) correlates positively with the number of 
sequences in a sample. However, the estimates of Hd for the CV sample 
(n=46) were higher than those in BV (n=87) in all loci considered. A similar 
result was obtained for most comparisons between the two samples for the 
remaining genetic variability parameters in which the CV samples presented 
higher values than those from BV (Table 1). The only exceptions 
corresponded to the number of pairwise differences (k) and nucleotide 
diversity (π) in proA and the number of polymorphic sites (S) in mip and 
mompS. In neuA, the comparison between the two groups considering only 
the non-neuAh alleles yielded similar results to those previously reported, 
with only a few more polymorphic sites and mutations in the BV than in the 
CV samples.  
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Table 1.  Genetic variability by locus of the 133 isolates included in the study.  
Both groups of neuA alleles found in BV and the 67 bp non-coding fragment of pilE (pilENC) are analyzed separately. BV and CV account for the two datasets under study. Standard deviations are given in 
parentheses. n: Number of sequences. m: Sequence length. h: Number of haplotypes. Hd: Haplotype diversity. π: Nucleotide diversity. S: number of polymorphic sites. k: Number of pairwise differences. θ: 
Expected heterozygosity per site from S. Syn: Number of synonymous changes. Non-Syn: Number of non-synonymous changes. ω: dN/dS ratio. n.a.: Not available. 
 
n m h Hd π S θ (no recomb) k (no recomb) Syn Non-Syn dN/dS 
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 In agreement with previous results267, intergenic regions L2 and L14 
were more diverse than the protein-coding loci. However, the intergenic 
region L6 presented a low diversity, especially in BV, comparable to that of 
coding fragments such as fliC or mompS, and even lower than the coding 
region of pilE. The genetic variability estimates in the two types of neuA 
alleles were similar and were among the lowest for all the loci considered. 
Only the non-coding portion of pilE presented lower estimates of nucleotide 
diversity, likely resulting from its small size (67 positions). 
Topological congruence and recombination testing 
 Phylogenetic trees were constructed separately for each locus and for 
the concatenated alignment of all the loci. ELW and AU phylogenetic 
congruence tests between the 12 alignments and all the topologies resulted 
in the complete rejection of the null hypothesis for the topologies not directly 
derived from each alignment (Table S3). In consequence, these results 
pointed to the independence of every DNA fragment analyzed from each 
other, an indication of the potential participation of these regions in 
intergenic recombination events.  
 The possibility that recombination might explain the observed lack of 
congruence was tested using RDP3 with the 36 haplotypes resulting from 
the concatenate alignment of the 10 loci from the 133 L. pneumophila strains 
(Fig. 1; Table S4). A total of 31 recombination events were detected, most of 
them by six or seven of the recombination detection methods implemented 
in the program, and 33 haplotypes showed from one to three recombination 
events. A single event involving the pilE region was found in the clade of the 
phylogram containing the isolates of ST1, ST8, ST719, ST857, ST1036 and 






 A joint event including proA and pilE was also found in ten of the 
haplotypes and another one involving neuA and mip was detected in 13 
haplotypes. The mapping of these events onto the ML phylogenetic tree (Fig. 
1) indicates that several neuA+mip events might have happened 
independently in the genealogical history of these isolates. However, 
recombination events in neuA and mip were also detected independently in 
three haplotypes (ST1358, ST777 and ST856) and some of the neuA+mip 
events also involved locus L2, as shown in Fig. 1. Another frequent 
recombination event included L6+asd, which might have happened in the 
ancestral node of the clade containing isolates ST1 and ST8, and also 
independently in the isolates E3163 and L1439. Locus mompS was also 
detected as being involved in several independent intergenic recombination 
events but locus L14 was detected as recombinant by four methods only in 
isolate L1964. 
 Apart from the statistical significance of each event given by the 
different methods implemented in RDP3, the alignment and the ML topology 
of the fragment within the detected breakpoints were compared with the 
alignments and ML topologies of the flanking regions for each recombination 
event. All reciprocal comparisons resulted in each alignment significantly 
rejecting the topology given by the other alignment, thus confirming the real 
existence of incongruent genealogical histories for the genomic stretches 
involved in all the inferred recombination events. 
Figure 1 | Maximum likelihood phylogenetic reconstruction of the 10-loci 
concatenate using partitioned data with RAxML. Colored clades represent the four 
groups detected by Structure (G1 in red, G2 in green, G3 in orange and G4 in 
purple). Sequence types (ST) of each sample are represented next to the tips of 
the tree. Colored diamonds on the branches represent recombination events 




 In order to investigate the extent and distribution of genetic 
differentiation among the samples studied, we considered two datasets, one 
including the L. pneumophila strains isolated from the same watershed (BV), 
and the other with isolates from different locations in the Comunidad 
Valenciana (CV). The phylogenetic reconstructions for each locus and the 
concatenated alignment failed to group variants by sampling location except 
for the neuA locus, for which one well-defined cluster contained all newly 
described neuA alleles from BV (Fig. 1). To gain further insight on the 
geographic structure of these 133 isolates at the genetic level, we used the 
Bayesian clustering method implemented in Structure, and applied it to both 
the 9-loci (Fig. S1) and 10-loci concatenates (Fig. 1) separately using the 
linkage model. This method assumes genome admixture and also the 
possibility of linked loci coming from the same population. The objective of 
this double approach was to take into account the potential effect of the 
newly described neuA alleles in the estimation of the global genetic structure.  
 From the different number of populations which were assumed a priori 
(from K = 2 to K = 10), both concatenates resulted in 4 as being the most 
likely number of genetically distinct groups in our data, estimated from ΔK 
(Fig. 2). However, the 9-loci concatenate also showed a high support for K = 
8, although a bit lower than K = 4 (Fig. S2). In these cases, Evanno et al.385 
recommend using the smallest value of K because it represents the major 
structure in the data. Fig. 1 also shows the 4 clusters detected by Structure 






















Figure 2 | Summary of population assignment analyses using Structure. (A) Delta 
K values calculated by Evanno’s method detecting K = 4 groups as the most 
genetically probable within the 10-loci data by Structure Harvester Online. (B) Bar 
plot representing the probabilities of assignation of the isolates included in the 
study to each genetic group detected by Structure within CV and BV. 
 To further characterize the genetic divergence of the four groups 
detected by Structure, we computed population pairwise FST’s from 
haplotype frequencies with Arlequin (Table 2). Using the nomenclature 
defined in Table 2, the test resulted in group 4 (containing two of the most 
abundant STs in our data, ST777 and ST1358, that differ only in the neuA 
allele) being the most different with respect to the other three. Also, group 2 
was more than 30% genetically different from groups 1 and 3, leaving these 




Table 2 | Pairwise comparison between populations defined by Structure calculated 
with Arlequin. Average numbers of pairwise differences within populations are 
shown in diagonal. Upper matrix represents population pairwise FST and lower 







 A hierarchical analysis of molecular variance (AMOVA) was performed 
using Arlequin for each of the 10 loci independently considering two 
populations, the one from BV and the other one from the rest of CV. Results 
(Table S5) showed significant differentiation between the two groups 
considered (p-value < 0.05) despite most FST values were below 0.10. The 
only exception corresponded to locus pilE in which 13.73% of the total 
genetic variability was found between the two populations. 
Neutrality tests 
 A summary of the neutrality tests for each locus is shown in Table S6 
in File S1. Tajima’s D values suggest an excess of polymorphisms at low 
frequencies in mip, mompS and L6, which is confirmed by D* and F* for the 
two coding regions, directing these excess of single polymorphisms to the 
external branches of the phylogeny. Fu’s Fs gives evidence for an excess in 
the number of alleles in mip, as would be expected from a recent population 
expansion or genetic hitch-hiking. However, after FDR correction, only the 
intergenic L14 region was detected as significantly departed from neutralism 
by two of the tests (D and F*), and Fu’s Fs also rejected the null hypothesis 
 G1 G2 G3 G4 
G1 0.933   0.346*** 0.153* 0.529*** 
G2 0.286 0.495   0.473*** 0.629*** 
G3 0.200 0.419 0.667 0.827*** 
G4 0.486 0.705 0.619     0.095 
!
p-value<0.05; **p-value<0.01;   ***p-value<0.001 
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of neutral evolution in the neuA genic fragment. Fu & Li’s D* was not able to 
reject neutralism in any of the 10 loci. So, although signs of selection or 
demographic effects were found especially in mip, no significant evidence of 
deviation from neutralism was finally found, neither truly demographic effects, 
in which case all loci would be affected similarly. 
Discussion 
 We have previously studied in detail the genetic variability and 
population structure of clinical and environmental isolates of Legionella 
pneumophila from different points of Comunidad Valenciana225,267,338. In this 
work, our main objective has been to analyze the extent and distribution of 
genetic variability in the environment of this species at a smaller geographic 
scale. For this, we have analyzed samples in a small area within the 
Comunidad Valenciana in which the water distribution systems of the 
sampled localities are supplied from the same watershed. 
 Although it has been known for a long time that the main natural 
habitats of L. pneumophila are freshwater environments such as rivers, 
lakes, ponds, and springs12,388, there have been very few studies addressed 
at characterizing the genetic variation of this species in these systems. 
Instead, most similar efforts have been devoted to characterize the diverse 
Legionella spp. present in different environments389–392. One recent study by 
Parthuisot et al393 analyzed the spatial and temporal dynamics of Legionella 
spp. in a French river watershed subject to seasonal and anthropogenic 
changes along the year. These authors found a higher prevalence of L. 
pneumophila over other species from the same genus, a result consistent 
with similar observations from other natural water environments390,394. 
Legionella spp. colonize urban distribution systems were they can survive 
despite disinfection and control measures undertaken. Several studies have 
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revealed a high prevalence of L. pneumophila also in these artificial 
environments395 both before and after treatment. Despite our efforts, we 
have not been able to find any publication reporting on the genetic variation 
of L. pneumophila in different locations of the same watershed. Nevertheless, 
some studies in other water-borne human pathogens such as E. coli396–398 
and Listeria monocytogenes399 have been performed with a similar approach. 
 Genetic variability in the L. pneumophila loci analyzed here was higher 
in the whole Comunidad Valenciana region than in the reduced BV area. 
These results are expected, because the CV dataset includes more distant 
localities and with different water supply sources than the BV group. 
However, these general results do not apply to all the loci considered in the 
analysis, due to the unusual diversity pattern in locus neuA which results 
from the presence in some samples from the BV population of a particular 
group of alleles that corresponds to an alternative neuA gene from the one 
found in most serogroup 1 isolates359.  
 The study of recombination in the haplotypes derived from the 
concatenate alignment of the 10-loci considered revealed four main events 
that were detected as statistically significant by six or even seven of the 
detection methods used. These events involved mainly loci proA, pilE, neuA, 
mip, asd and L6, either as separate loci or as a combination of at least two 
of them, as in proA+pilE, neuA+mip and asd+L6. These results are 
congruent with those obtained by Coscollá et al267 on a similar population 
from the Comunidad Valenciana, and also with the role that homologous 
recombination and horizontal gene transfer have had on the evolution of L. 
pneumophila268,271.  
 Recombination must be taken into account to understand the 
population structure of bacterial species, as recently shown in populations of 
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Salmonella enterica400. In the present work, we have used isolates from 24 
different geographical locations, but the phylogenetic reconstruction and 
analysis of the 30 resulting STs showed that their genetic composition was 
largely independent of their sampling location, except for group 4 (which 
only includes samples with the new neuA alleles), which was found only in 
the BV dataset. The four genetically distinct groups detected using Structure 
could be easily mapped onto the phylogenetic tree of all the loci, both when 
locus neuA was included (Fig. 1) or not (Fig. S1) in the concatenated 
alignment. Average population pairwise differences between the four genetic 
groups resulted in levels of diversity within groups comparable to those of 
some pairwise comparisons (Table 2).  
 Given that groups 1, 2 and 3 include isolates from both datasets, this 
result points to lack of genetic differentiation between BV and CV 
populations. However, we have found clear evidence of genetic 
differentiation between these two groups when the 10 loci were compared 
independently (Table S5). In this case, the highest percentage of variability 
was found within populations, which held more than 90% of the total genetic 
variation in all loci except for pilE. Additionally, except for the ubiquitous ST1 
(strain Paris)246, only 4 of the remaining 29 STs found were present in at 
least one population of each datasets. Therefore, there is some evidence of 
genetic differentiation between the BV and CV datasets which is somewhat 
disguised by the highly frequent presence of ST1 in both groups.  
 The results derived from the present study give further insight into the 
population genetics of L. pneumophila, both at the macro and micro-
environmental level. Despite the ubiquity of the most common genetic 
variant, ST1, in the two datasets considered, we have found some evidence 
of genetic differentiation between them which cannot be attributed only to 
the presence in BV of some divergent alleles in locus neuA. We have 
!
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confirmed that recombination likely plays an important role in shaping the 
genetic variability of this bacterium, and also in the independent evolution of 
different genes within the whole genome268,271. However, further studies with 
complete genomes and more detailed samplings at different geographic 
scales are needed to draw more conclusions about the effect of selection 
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Table S1 | List of sequence types assigned to the 133 samples included in the 
study. The first letter in each sample name denotes the population group of origin: 
BV (L), rest of Comunidad Valenciana (E). 
 
Sample fliC pilE asd mip mompS proA neuA ST 
L1351 1 4 3 1 1 1 1 1 
L1411 1 4 3 1 1 1 1 1 
L1458 1 4 3 1 1 1 1 1 
L1459 1 4 3 1 1 1 1 1 
L1492 1 4 3 1 1 1 1 1 
L1552 1 4 3 1 1 1 1 1 
L160 1 4 3 1 1 1 1 1 
L1628 1 4 3 1 1 1 1 1 
L1649 1 4 3 1 1 1 1 1 
L168 1 4 3 1 1 1 1 1 
L1736 1 4 3 1 1 1 1 1 
L1755 1 4 3 1 1 1 1 1 
L1802 1 4 3 1 1 1 1 1 
L1831 1 4 3 1 1 1 1 1 
L191 1 4 3 1 1 1 1 1 
L1957 1 4 3 1 1 1 1 1 
L1963 1 4 3 1 1 1 1 1 
L1969 1 4 3 1 1 1 1 1 
L1971 1 4 3 1 1 1 1 1 
L1975 1 4 3 1 1 1 1 1 
L1981 1 4 3 1 1 1 1 1 
L1988 1 4 3 1 1 1 1 1 
L2064 1 4 3 1 1 1 1 1 
L2065 1 4 3 1 1 1 1 1 
L2066 1 4 3 1 1 1 1 1 
L2068 1 4 3 1 1 1 1 1 
L2118 1 4 3 1 1 1 1 1 
L2128 1 4 3 1 1 1 1 1 
L2149 1 4 3 1 1 1 1 1 
L2150 1 4 3 1 1 1 1 1 
L2153 1 4 3 1 1 1 1 1 
L2154 1 4 3 1 1 1 1 1 
L2178 1 4 3 1 1 1 1 1 
L2179 1 4 3 1 1 1 1 1 
L2205 1 4 3 1 1 1 1 1 
L2219 1 4 3 1 1 1 1 1 
L2239 1 4 3 1 1 1 1 1 
L2244 1 4 3 1 1 1 1 1 
L528 1 4 3 1 1 1 1 1 
L552 1 4 3 1 1 1 1 1 
L574 1 4 3 1 1 1 1 1 
L595 1 4 3 1 1 1 1 1 
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L720 1 4 3 1 1 1 1 1 
L854 1 4 3 1 1 1 1 1 
L896 1 4 3 1 1 1 1 1 
L969 1 4 3 1 1 1 1 1 
L998 1 4 3 1 1 1 1 1 
L551 1 4 3 1 1 1 9 8 
L985 1 4 3 1 1 1 9 8 
L559 2 3 6 10 2 1 6 22 
L1613 5 1 22 26 6 10 12 45 
L1594 5 2 22 27 6 10 12 48 
L1625 5 2 22 27 6 10 12 48 
L2246 1 4 3 19 1 1 1 719 
L2062 5 2 22 10 6 25 1 777 
L207 5 2 22 10 6 25 1 777 
L2071 5 2 22 10 6 25 1 777 
L445 5 2 22 10 6 25 1 777 
L873 5 2 22 10 6 25 1 777 
L750 5 1 22 30 6 10 1 856 
L2063 1 4 3 1 6 1 1 857 
L2148 2 10 19 44 19 4 36 858 
L1964 6 41 45 51 55 10 31 864 
L1410 6 10 15 3 21 4 207 1356 
L1439 2 10 3 16 9 4 208 1357 
L1860 4 3 18 10 5 1 218 1374 
L1104 5 2 22 10 6 25 203 1358 
L1352 5 2 22 10 6 25 203 1358 
L1370 5 2 22 10 6 25 203 1358 
L1421 5 2 22 10 6 25 203 1358 
L1457 5 2 22 10 6 25 203 1358 
L1460 5 2 22 10 6 25 203 1358 
L1472 5 2 22 10 6 25 203 1358 
L1595 5 2 22 10 6 25 203 1358 
L1612 5 2 22 10 6 25 203 1358 
L1614 5 2 22 10 6 25 203 1358 
L1626 5 2 22 10 6 25 203 1358 
L1665 5 2 22 10 6 25 203 1358 
L1753 5 2 22 10 6 25 203 1358 
L1826 5 2 22 10 6 25 203 1358 
L1839 5 2 22 10 6 25 203 1358 
L1866 5 2 22 10 6 25 203 1358 
L1928 5 2 22 10 6 25 203 1358 
L1958 5 2 22 10 6 25 203 1358 
L2033 5 2 22 10 6 25 203 1358 
L2055 5 2 22 10 6 25 203 1358 
L2070 5 2 22 10 6 25 203 1358 
E1284 1 4 3 1 1 1 1 1 
E1308 1 4 3 1 1 1 1 1 
!
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E1613 1 4 3 1 1 1 1 1 
E1616 1 4 3 1 1 1 1 1 
E1621 1 4 3 1 1 1 1 1 
E1688 1 4 3 1 1 1 1 1 
E1690 1 4 3 1 1 1 1 1 
E1691 1 4 3 1 1 1 1 1 
E1807 1 4 3 1 1 1 1 1 
E1828 1 4 3 1 1 1 1 1 
E2004 1 4 3 1 1 1 1 1 
E2947 1 4 3 1 1 1 1 1 
E3111 1 4 3 1 1 1 1 1 
E598 1 4 3 1 1 1 1 1 
E842 1 4 3 1 1 1 1 1 
E891 1 4 3 1 1 1 1 1 
E830 2 3 18 15 2 1 6 20 
E846 5 2 22 27 6 10 12 48 
E912 5 2 22 27 6 10 12 48 
E971 5 2 22 27 6 10 12 48 
E666 5 1 22 30 6 10 6 74 
E1617 2 10 18 10 2 1 6 146 
E2002 2 10 18 10 2 1 6 146 
E2006 2 10 18 10 2 1 6 146 
E2012 2 10 18 10 2 1 6 146 
E479 6 10 15 3 21 4 9 171 
E2424 3 10 1 12 14 9 9 181 
E2425 3 10 1 12 14 9 9 181 
E2949 6 10 19 28 19 4 9 328 
E1298 6 10 17 3 4 14 9 374 
E318 6 10 17 3 4 14 9 374 
E350 6 10 17 3 4 14 9 374 
E358 2 10 3 28 21 4 13 464 
E376 2 10 3 28 21 4 13 464 
E1297 1 4 3 19 1 1 1 719 
E3298 5 2 22 10 6 25 9 745 
E1295 5 2 22 10 6 25 1 777 
E482 6 10 15 3 21 14 6 804 
E1349 5 1 22 30 6 10 1 856 
E1687 2 3 18 10 2 1 1 1035 
E1306 1 4 3 19 1 1 3 1036 
E2423 6 10 14 28 21 4 9 1037 
E3163 1 6 3 10 1 5 11 1038 
E430 6 10 15 13 21 14 6 1039 
E970 6 10 15 13 21 14 6 1039 
E973 6 10 15 13 21 14 6 1039 
 
 
Table S2 | Distribution of L. pneumophila sequence types (STs) found in localities of the CV (Spain) and the BV area. 
 
Sequence Type 
Location 1 8 20 22 45 48 74 146 171 181 328 374 464 719 745 777 804 856 857 858 864 1035 1036 1037 1038 1039 1356 1357 1374 1358 
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Table S3 | Summary of topological congruence tests for each locus tree and alignment. Summary of the p-values given by 
Shimodaira-Hasegawa (SH), Expected Likelihood Weight (ELW) and Approximately Unbiased (AU) tests using TREE-
PUZZLE and CONSEL. Non-shadowed cells represent topological incongruence by rejection of the null hypothesis of the 
likelihood of the topology and the corresponding alignment being significantly different (p-value < 0.05). cat9 and cat10 
account for the 9-loci and 10-loci concatenates respectively. 
Tree 
L14 proA pilE L2 neuA mip 
SH ELW AU SH ELW AU SH ELW AU SH ELW AU SH ELW AU SH ELW AU 
L14 1.0000 1.0000 1.0000 0.2760 0.0000 2.00E-05 0.1580 0.0000 5.00E-109 0.0080 0.0000 9.00E-48 0.0000 0.0000 9.00E-05 0.0000 0.0000 6.00E-63 
proA 0.1980 0.0000 3.00E-65 1.0000 0.9897 0.9960 0.0000 0.0000 5.00E-07 0.0000 0.0000 4.00E-05 0.0000 0.0000 4.00E-26 0.0030 0.0000 8.00E-60 
pilE 0.0020 0.0000 4.00E-48 0.0010 0.0000 2.00E-04 1.0000 1.0000 0.9990 0.0000 0.0000 5.00E-08 0.0000 0.0000 1.00E-05 0.0000 0.0000 4.00E-70 
L2 0.0030 0.0000 3.00E-06 0.0900 0.0000 9.00E-05 0.0020 0.0000 8.00E-05 1.0000 1.0000 1.0000 0.0000 0.0000 1.00E-05 0.0000 0.0000 6.00E-59 
neuA 0.0000 0.0000 2.00E-04 0.0020 0.0000 6.00E-16 0.0000 0.0000 5.00E-40 0.0000 0.0000 2.00E-10 1.0000 1.0000 1.0000 0.0000 0.0000 9.00E-89 
mip 0.0040 0.0000 2.00E-05 0.2060 0.0000 4.00E-67 0.0230 0.0000 1.00E-81 0.0000 0.0000 6.00E-67 0.0000 0.0000 8.00E-05 1.0000 1.0000 1.0000 
fliC 0.0030 0.0000 1.00E-39 0.0930 0.0000 1.00E-19 0.0440 0.0000 2.00E-51 0.0000 0.0000 4.00E-82 0.0000 0.0000 9.00E-07 0.0000 0.0000 2.00E-54 
L6 0.0270 0.0000 1.00E-53 0.1660 0.0000 4.00E-09 0.0130 0.0000 2.00E-99 0.0000 0.0000 2.00E-219 0.0000 0.0000 4.00E-05 0.0000 0.0000 5.00E-82 
asd 0.0060 0.0000 6.00E-52 0.2940 0.0000 3.00E-04 0.0000 0.0000 3.00E-50 0.0030 0.0000 4.00E-05 0.0000 0.0000 1.00E-64 0.0000 0.0000 9.00E-49 
mompS 0.0230 0.0000 0.0010 0.1650 0.0000 8.00E-05 0.0480 0.0000 2.00E-06 0.0000 0.0000 1.00E-10 0.0000 0.0000 4.00E-61 0.0000 0.0000 2.00E-69 
cat10 0.1630 0.0000 3.00E-37 0.3170 0.0000 2.00E-04 0.2070 0.0000 1.00E-04 0.0760 0.0000 5.00E-09 0.3020 0.0000 3.00E-72 0.1010 0.0000 4.00E-112 
cat9 0.4570 0.0000 1.00E-87 0.6960 0.0103 0.0040 0.4170 0.0000 0.0010 0.2610 0.0000 5.00E-35 0.0000 0.0000 1.00E-04 0.2700 0.0000 3.00E-52 
                   
Tree 
fliC L6 asd mompS cat10 cat9 
SH ELW AU SH ELW AU SH ELW AU SH ELW AU SH ELW AU SH ELW AU 
L14 0.5400 0.0045 0.0530 0.1330 0.0000 4.00E-06 0.2630 0.0000 4.00E-05 0.2460 0.0000 1.00E-05 0.0000 0.0000 1.00E-155 0.0860 0.0000 3.00E-04 
proA 0.0110 0.0000 2.00E-06 0.0020 0.0000 1.00E-14 0.0190 0.0000 2.00E-07 0.0440 0.0000 9.00E-06 0.0000 0.0000 1.00E-95 0.0000 0.0000 2.00E-47 
pilE 0.2970 0.0000 4.00E-53 0.0000 0.0000 0.0010 0.0260 0.0000 2.00E-09 0.0050 0.0000 1.00E-05 0.0000 0.0000 1.00E-59 0.0000 0.0000 2.00E-46 
L2 0.0460 0.0000 9.00E-05 0.0090 0.0000 8.00E-08 0.1410 0.0000 9.00E-05 0.0080 0.0000 3.00E-41 0.0000 0.0000 1.00E-69 0.0000 0.0000 5.00E-05 
neuA 0.0010 0.0000 3.00E-05 0.0000 0.0000 2.00E-07 0.0030 0.0000 9.00E-09 0.0010 0.0000 2.00E-07 0.0000 0.0000 3.00E-45 0.0000 0.0000 2.00E-29 
mip 0.2100 0.0000 9.00E-05 0.0000 0.0000 3.00E-09 0.0530 0.0000 2.00E-10 0.0480 0.0000 9.00E-81 0.0000 0.0000 2.00E-05 0.0000 0.0000 3.00E-06 
fliC 1.0000 0.9832 1.0000 0.0000 0.0000 1.00E-05 0.1520 0.0000 1.00E-76 0.0530 0.0000 8.00E-36 0.0000 0.0000 5.00E-53 0.0000 0.0000 3.00E-09 
L6 0.2300 0.0000 4.00E-04 1.0000 1.0000 1.0000 0.1580 0.0000 8.00E-10 0.1850 0.0000 3.00E-05 0.0000 0.0000 2.00E-07 0.0020 0.0000 8.00E-77 
asd 0.1460 0.0000 4.00E-14 0.0570 0.0000 1.00E-09 1.0000 1.0000 1.0000 0.0830 0.0000 1.00E-08 0.0000 0.0000 9.00E-10 0.0000 0.0000 4.00E-09 
mompS 0.3960 0.0000 3.00E-42 0.1730 0.0000 2.00E-08 0.1300 0.0000 1.00E-11 1.0000 1.0000 1.0000 0.0000 0.0000 3.00E-05 0.0000 0.0000 1.00E-48 
cat10 0.4330 0.0000 1.00E-07 0.2730 0.0000 3.00E-44 0.2530 0.0000 2.00E-11 0.2970 0.0000 3.00E-56 1.0000 1.0000 1.0000 0.2120 0.0000 3.00E-50 
cat9 0.5780 0.0123 3.00E-04 0.1410 0.0000 1.00E-06 0.5670 0.0000 1.00E-06 0.2760 0.0000 6.00E-95 0.0000 0.0000 1.00E-79 1.0000 1.0000 1.0000 
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Table S4 | Recombination events detected by RDP3. Colors represent the number 
of methods that significantly detect each of the events. Haplotypes in blank/grey 
distinguish between different clades on the phylogenetic tree. 
 
 
Haplotypes L14 proA pilE L2 neuA mip fliC L6 asd mompS 
 cE430_cE970_cE973                   
 cE479                   
 cE482                   
 cE2949                   
 cE2423               
 cE1298_cE318_cE350               
 cE358_cE376             
 cL2148                 
 cE2424_cE2425                 
 cE1308_cE1613_cE1616…                 
 cE1284                 
 cL2063                 
 cL2118_cL2179                   
 cE2004                   
 cE1828_cL1971                   
 cE1306                   
 cE1297                   
 cL2246                   
 cL551_cL985                 
 cL1831                 
 cL559                   
 cE1687                   
 cE1617_cE2002_cE2006_cE2012                   
 
cE830                                      
 
cE3163 
                
                 
 cL1964                     
 cL1410                   
 cL1439               
 
cL1860                                        
 cL1104_cL1352_cL1370_cL1421…                     
 cE1295_cL2062_cL207…                     
 cE3298                   
 cE1349_cL750                     
 cE666                     
 cL1613                     




Table S5 | Analysis of Molecular Variance for each locus. AMOVAs were performed 
with Arlequin. Levels of diversity explained by the variation among and within 
















Among populations 1 1.96600 0.02721 7.65000 
0.07645 0.0099+-0.00030 Within populations 131 43.06400 0.32873 92.35000 
Total 132 45.03000 0.35594   
proA 
Among populations 1 1.60300 0.02170 6.82000 
0.06820 0.00168+-0.00042 Within populations 131 38.84100 0.29650 93.18000 
Total 132 40.44400     
pilE 
Among populations 1 3.19200 0.04803 13.73000 
0.13732 0.00000+-
0.00000 Within populations 131 39.52900 0.30175 86.27000 
Total 132 42.72200 0.34978   
L2 
Among populations 1 2.08200 0.02929 8.41000 
0.08413 0.00129+-
0.00033 Within populations 131 
41.76800 0.31884 91.59000 
Total 132 43.85000 0.34813   
neuA 
Among populations 1 2.38300 0.03440 9.92000 
0.09921 0.00010+-
0.00010 Within populations 131 
40.91800 0.31235 90.08000 
Total 132 43.30100 0.34675   
mip 
Among populations 1 2.39100 0.03414 9.19000 
0.09193 
0.00000+-
0.00000 Within populations 131 44.17200 0.33719 90.81000 
Total 132 46.56400 0.37133   
fliC 
Among populations 1 1.90100 0.02651 7.99000 
0.07986 
0.00218+-
0.0046 Within populations 131 40.01600 0.30547 92.01000 
Total 132 41.91700 0.33198   
L6 
Among populations 1 2.29200 0.03286 9.47000 
0.09471 0.00010+-0.00010 Within populations 131 41.15200 0.31413 90.53000 
Total 132 43.44400 0.34700   
asd 
Among populations 1 1.31800 0.01688 5.29000 
0.05289 0.01050+-0.00085 Within populations 131 39.60600 0.30234 94.71000 
Total 132 40.92500 0.31922   
mompS 
Among populations 1 1.54200 0.02028 5.93000 
0.05931 0.00703+-0.00089 Within populations 131 42.13500 0.32164 94.07000 
Total 132 43.67700 0.34192   
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Table S6 | Summary of neutrality tests. Tests performed with DnaSP for the 10 loci 
of all samples included in the study. Shadowed cells indicate significant deviation 
from neutrality after multiple-testing correction using FDR (α = 0.025). 
 
Locus Tajima's D Fu & Li's D* Fu & Li's F* Fu's Fs 
L14 2.821 *** 1.408 * 2.412 *** 20.748 *** 
proA 1.658 * 1.717 ** 2.028 * 9.507 * 
pilE 0.868   0.314   0.639   10.936 ** 
L2 1.103   0.784   1.103 
 
16.468 ** 
neuA 1.851 * 1.005   1.664 *  58.988 *** 




fliC 1.124   0.348   0.758   6.508 * 
L6 -0.301   0.905   0.505 
 
4.592   
asd 1.362   0.348   0.863   2.828   
mompS -1.392   -1.649   -1.851   3.086   
    *p-value<0.05 





Figure S1 | ML phylogenetic reconstruction of the 9-loci alignment from data of the 
133 environmental isolates from BV (L) and the rest of Comunidad Valenciana (E) 




Figure S2 | Delta K values calculated by Evanno’s method using the 9-loci data by 
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 Environmental surveillance of Legionella pneumophila is a key 
component of the control measures established in urban settlements to 
ensure water safety and quality, with the aim of minimizing and limiting 
opportunistic infections in humans. In this work, we present results on the 
detection and genetic characterization of these bacteria in the outbreak-
recurrent region of Alcoy (Comunidad Valenciana, Spain) using water and 
biofilm samples. We were particularly interested in studying the presence 
and distribution of L. pneumophila in the absence of outbreak or sporadic 
cases of legionellosis and in comparing the efficacy of culturing from water 
samples with a biofilm-based detection procedure using molecular 
amplification. To this end, water samples were taken from 120 sites 
distributed all around the city and its surroundings, as well as 60 biofilm 
swabs from half of the sampling sites. L. pneumophila could be isolated from 
water in just 4 of the locations. Touchdown PCR was applied to DNA 
extracted from water and also biofilm swabs, as a rapid method for both 
routine and outbreak investigations. L. pneumophila was detected by this 
method in 14 of the sites in which both water and biofilms were taken, 
although 13 of them tested positive using only the biofilm samples. These 
results show a ten-fold increase in the success rate of Legionella detection 
over water samples. The application of this method to study the presence of 
L. pneumophila in the water-supply system and risk facilities of Alcoy 
revealed different strains distributed in different areas of the city. Sequence 
Type ST578, endemic in the area and responsible for most clinical cases, 
was detected in one of the sampling sites. The number of positive samples 
correlated with water temperature but not with chlorine levels. The direct 
analysis of biofilm swabs improves the detection rate and genetic 




 Potable drinking water carries a diverse but poorly identified microbiota 
that often forms very persistent structures such as biofilms that may harbor 
human pathogens401. Legionella pneumophila is a waterborne Gram-
negative bacterium, an opportunistic pathogen, and the main causative 
agent of Legionnaires’ disease (LD) and Pontiac fever53,88. Infection of 
humans occurs by inhalation of aerosols loaded with bacteria. L. 
pneumophila can live as free cells and in vacuoles inside the cytoplasm of 
amoebas in biofilms21 of different human-made and natural aquatic 
environments, which can eventually become sources of legionellosis 
outbreaks. 
 Environmental investigations of outbreaks and preventive routine 
analyses aimed at the detection and characterization of L. pneumophila 
have focused traditionally on microbiological and biochemical classifications 
of isolates. These can be classified into 15 different serogroups and more 
than ten subtypes355 mainly within serogroup 18. However, the recovery of L. 
pneumophila requires selective media and prolonged incubation periods, 
which have favored the application of alternative molecular biology 
techniques182,183,402 to detect, identify and characterize these bacteria. The 
use of PCR-based methods allows also the detection of viable but non-
culturable L. pneumophila strains (VBNC), which are potentially infectious, 
and also the development of a highly discriminant Sequence-Based Typing 
(SBT) scheme215–217,359, which is currently the most frequently used method 
for L. pneumophila typing196. Amplification and sequencing of the seven loci 
included in this scheme has been the starting point for assessing the actual 
genetic variability of clinical and environmental strains of L. 
pneumophila225,267. 
 Although the role of L. pneumophila in biofilms developed in water 
!
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distribution networks has been described extensively21,335,403–406, most 
detection efforts have focused on applying microbiological and molecular 
biology techniques directly to water samples40,192,407,408. Only a few biofilm-
based studies on the ecology and dynamics of these bacteria406,409–411 and 
the effect of disinfectants on their eradication from human-made facilities 
have been published up to date412–414. 
 The city of Alcoy (Alicante province, Comunidad Valenciana, east of 
Spain; 61,000 inhabitants) has been one of the main areas of legionellosis 
outbreaks and sporadic cases in Spain, affecting a total of 407 people 
between 1999 and 2011117,415,416. As in most L. pneumophila outbreaks, the 
match between clinical and environmental samples by using SBT methods 
has been difficult to establish, with only a few exceptions117. The high 
incidence of legionellosis in this city suggests that L. pneumophila is a 
frequent inhabitant of suitable environments in the area. However, there is 
little information about its presence and distribution in this locality apart from 
outbreak investigations. 
 In this work, we present an analysis of the occurrence of L. 
pneumophila in the water distribution system and other risk facilities of Alcoy 
using two different types of samples: water and biofilms. This allowed us to 
compare the traditional method of detection of L. pneumophila from water 
samples and a PCR-based specific approach from biofilm swabs. The latter 
method may improve the chances of identifying the sources of community-
related outbreaks and also be useful in routine epidemiological 
investigations by complementing culture-based analyses. 
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Materials and methods  
Sample collection 
 A total of 120 2-liter water samples were taken weekly from February 
to July (with a break in April) during 2011 in different points of the water 
network and other risk facilities of Alcoy, including fountains using non-
drinking water, hydrants, pipes dead-ends, nozzles and deposits (Fig. 1, 
Table S1). Water temperature was measured at each sampling point and 
residual chlorine levels were detected by the DPD (diethyl paraphenilene 
diamine) indicator test (Table S1). Chlorine-positive samples were 
neutralized with sodium thiosulphate. Additionally, 60 biofilm samples were 
also taken at the same sampling points and at the same time that water 
samples during the months of June and July by gently scratching with cotton 
swabs the inner surfaces of pipes or nozzles. Permits for sampling were 
obtained from Alcoy City Hall and Public Health General Directorate. 
Sampling was performed under direct supervision of representatives of 
these bodies. 
Water processing and Legionella culturing 
 Water filtering and Legionella culturing were performed following the 
UNE-EN ISO 11731-2:2008 and AFNOR NF T 90-431 2 (2003), which 
describe the standard method for the detection and counting of Legionella 
spp. Briefly, one liter of each water sample was filtered using a Millipore 
vacuum filtering system through sterile polycarbonate membranes with 47 
mm diameter and 0.45 µm pore size. Membranes were suspended in 10 mL 
of deionized sterile water and subjected to ultrasounds at intermediate 




Figure 1 | Water and biofilm sampling points of the water distribution network and 
other risk facilities in Alcoy, Spain. L. pneumophila-positive sites by any detection 
method are shown in yellow, negatives are shown in red. Two positive points were 
sampled twice and two street cleaners are not shown. 
 Aliquots of this bacterial suspension were used for different treatments: 
1 mL was cultured on GVPC medium plates, 0.5 mL were subjected to 
thermal treatment and 0.5 mL to treatment with an acidic agent, and 
subsequently cultured on GVPC plates. After 10 days of culturing at 37±1ºC, 
colonies with a typical morphology of Legionella spp. were re-cultured on 
BCYE medium with and without L-cysteine. Bacteria surviving the thermal 
and acid treatments and only able to grow in the BCYE medium with L-
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cysteine were serogrouped using Oxoid Legionella Latex Text (Thermo 
Scientific, Waltham, MA). Duplicated biofilm samples were also plated in the 
same media to test for L. pneumophila isolation. 
DNA extraction  
 Single colonies of L. pneumophila were suspended in 50 µL of 
autoclaved and filtered ultrapure water. DNA was extracted by thermal 
shock using two cycles of a 5-min incubation step at 99ºC followed by 5 min 
at 4ºC. Cell debris was pelleted by centrifuging during 3 min at 12,000 rpm. 
The supernatant was stored at -20ºC for further analysis.  
 The remaining filtrated water from the culturing step was concentrated 
by centrifugation using Amicon® Ultra-15 100 kDa Ultracel tubes (Millipore 
Corporation, Billerica, MA) at 4,000 rpm during 8 min. A final volume of 200 
µL was collected per sample and centrifuged for 20 minutes at maximum 
speed. After removing the supernatant, 200 µL of the chelex-based 
InstaGene™ Matrix (Bio-Rad, Richmond, CA) were added for mechanical 
and thermal lysis by incubation at 56ºC during 30 min, vortexing, and 
heating at 99ºC for 8 min. DNA concentration and purity (A260/A280 ratio) 
were checked by triplicate with NanoDropTM 1000 (Thermo Scientific, 
Waltham, MA).  
 Biofilm cotton swabs were separated from the stick using a scalpel and 
subjected to total DNA extraction using the UltraClean® BloodSpin® DNA 
Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA). Briefly, samples were 
incubated with proteinase K and lysis buffer during 10 minutes at 65ºC. 
Cotton swabs were introduced in 0.7 mL microtubes with an opening at the 
bottom placed in a 2 mL-microcentrifuge tube417 and centrifuged at 
maximum speed for 3 min to retrieve the maximum possible amount of 
embedded lysate. Final volumes were used for DNA purification using the 
!
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spin filter protocol of the kit, and were stored at -20ºC until further 
processing. DNA concentration and purity were tested as described above. 
TD-PCR for detection of L. pneumophila in water and biofilm samples 
 Purified DNA extracted from water and biofilms samples was used for 
L. pneumophila detection using a molecular amplification technique known 
to be highly sensitive and specific, the touchdown PCR (TD-PCR)418–420, 
targeting a region of the pilE gene, originally set up as specific for L. 
pneumophila by the SBT scheme. pilE was chosen for being the locus 
producing the best results (cleaner and more intense bands) in the SBT 
scheme under our previous experience. Amplification reactions were 
performed with 20-50 ng of total DNA using 2.5 U FastStart High Fidelity 
PCR System (Roche Applied Science, Hoffmann-La Roche AG, Basel, 
SWTZ), 200 µM of each dNTP, 1x buffer with 1.8 mM MgCl2, 4% DMSO, 0.2 
µM of the corresponding primer216 and ultrapure water until a final volume of 
25 µL. For the pilE region, amplification conditions included an initial 
denaturation step of 5 min at 95ºC followed by 10 cycles of denaturation (30 
s at 95ºC), annealing (30 s at 65-55ºC with a ramp rate of -1 ºC/cycle) 
(Table S2) and extension (30 s at 72ºC). Immediately after the touchdown 
step, 35 cycles of standard PCR were applied using the same conditions but 
fixing the annealing temperature at 55ºC; a final extension step of 8 min at 
72ºC was also used to ensure complete amplification. Positive amplifications 
were confirmed using Gel-Red (Biotium Inc, Hayward, CA) after 1.4 % 
agarose gel electrophoresis.  
Sequence-Based Typing from isolates and direct samples 
 Amplified DNA from isolates was used for typing following the SBT 
scheme. The seven loci were amplified using previously described 
primers216 except for neuA (neuAB_F: ACCGATAGTAAACAAATAGC, 
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neuAB_R: TTCTGTTAGAGCCCAATCGA; Coscollá et al, unpublished). 
PCR reactions contained 10 ng of genomic DNA, 1 U Taq polymerase 
(Biotools, B&M Labs, S.A, Madrid, SPN), 200 µM of each dNTP, 1x buffer 
with 2 mM MgCl2, 0.2 µM of the corresponding primer and ultrapure water 
until a final volume of 25 µL. Amplification conditions included an initial 
denaturation step at 95ºC during 2 min, 35 cycles of denaturation (30 s at 
95ºC), annealing (30 s at the corresponding temperature for each locus215,216 
and extension (30 s at 72ºC), followed by a final extension step of 8 min at 
72ºC. The six remaining loci for the L. pneumophila-positive biofilms were 
amplified using TD-PCR as described above (Table S2).  
 PCR products were purified using NucleoFast® 96 PCR plates 
(Macherey-Nagel GmbH & Co, Düren, Germany) and suspended in 50 µL of 
ultrapure water. Sanger sequencing reactions were performed using 
BigDye™ Terminator v3.0 Ready Reaction Cycle Sequencing Kit and read 
in an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA). 
Chromatograms were processed using the Staden package342 and allele 
numbers were assigned with the ESGLI database221. PCR products from 
non-cultured samples that showed signs of presence of multiple L. 
pneumophila strains were cloned to further study intra-sample variability. 
Cloning of non-typeable PCR products and M13 PCR reactions 
 For four biofilm and one water sample (Table 1), which could not be 
typed because of the detection of multiple signals in the corresponding 
chromatogram, PCR products from pilE, asd and mip loci were cloned into 
Escherichia coli JM109 Competent Cells (Promega Corporation, Madison, 
WI) using pGEM®-T Easy vector System II (Promega Corporation, Madison, 
WI). Ligation reactions and transformation into JM109 competent cells were 
performed following the instructions of the manufacturer.  
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 From 10 to 15 colonies were selected from each plate and suspended 
in 20 µL of ultrapure water. 5 µL of the suspension was used for amplifying 
the insert using universal forward and reverse M13 primers and the same 
reaction mix used with pure cultures. The amplification program was set as 
described above for isolates but with an annealing temperature of 55ºC. 
PCR products were purified and Sanger-sequenced as described previously. 
Phylogenetic reconstruction 
 Sequences obtained from clones of the pilE, asd and mip PCR 
products and the respective available alleles of the ESGLI database were 
aligned using Muscle360,361 in Mega v5.10362. Phylogenetic reconstruction 
was performed with maximum likelihood using RAxML v7.2.8345 with the 
GTRGAMMA model for nucleotides and 1000 bootstrap re-samplings. 
 Concatenated sequences from the seven loci of the SBT scheme for 
all the L. pneumophila samples obtained in this analysis were aligned with 
sequences from the 28 different sequence types found in Alcoy by our group 
in samples collected since 1999 (Fig. 4), 31 sequence types retrieved from 
the ESGLI database containing neuAh alleles359, and those STs whose 
sequences matched any of the previous strains in six loci but differed in 
neuA, totaling 63 strains. The alignment and subsequent phylogenetic 
reconstruction by maximum likelihood were performed with and without 
neuA/neuAh as described above.  
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Results 
L. pneumophila isolation and characterization from culture 
 A total of 120 water samples as well as 60 biofilm swabs were taken in 
the same sampling and time points per duplicate between February and July 
2011 at different points of the water distribution system and other risk 
facilities of Alcoy (Table S1). L. pneumophila could be isolated from only four 
water samples (4/120, 3.3%). One biofilm swab from each sampling point 
was plated for Legionella culturing; however, no Legionella isolates were 
retrieved because of the overgrowth of a considerable amount of different 
microbiota, even after diluting the samples, or no growth was observed. 
 The four isolates, all of them retrieved from street dead ends, were 
serogrouped and typed using the SBT scheme, resulting in four different 
STs (Table 1), ST578 serogroup (sg) 1 (340 Colony Forming Units per Liter 
– CFU/L), ST1086 sg 2-15 (450 CFU/L), ST1324 sg 2-15 (<40 CFU/L) and 
ST1358 sg 2-15 (290 CFU/L), the two latter presenting neuAh alleles359. 
ST578 is known to be endemic in the area; the other genetic profiles had not 
previously been described to have either caused any clinical case or being 
found in the environment in the routine surveillance programs. 
PCR-based L. pneumophila detection and characterization 
 Apart from culturing, water samples and duplicates of each biofilm 
swab were also tested by TD-PCR for the presence and subsequent genetic 
characterization of L. pneumophila. The bacterium was found in 5 water 
(5/120, 4.2%) and 13 (13/60, 21.7%) biofilm samples (Table 1). Of the 60 
sampling points from which both water and biofilm samples were taken, only 
one water specimen (1/60, 1.7%) was positive by PCR, but the associated 
biofilm (sample 9733, Table S1) was negative. 
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Table 1 | Allelic profiles of isolates and water and biofilm samples that were 





sample Source fliC pilE asd mip mompS proA neuA ST 
8523 Water Industry - 3a -b - - - - - 
8524 Water Industry - +c 15 - - + - - 
8527 Water Industry - 10 - - - - - - 
8787 Culture Dead-end 5 2 22 10 6 25 6 1086 
9185 Culture Dead-end 6 10 15 13 9 14 6 578 
9729 Biofilm Dead-end - 3




5 2 22 10 6 25 203 1358 
Water + 2 22 10 + + - - 
10015 Biofilm Industry + 4 1, 3 1,10 + + + - 
10402 Culture Dead-end 5 1 22 30 6 10 203 1324 
10403 Biofilm Dead-end - 4 - - - + - - 
10405 Biofilm Dead-end + 4 1, 3, 9 1 + + + - 
10406 Biofilm Dead-end - 4 - - - + - - 
10407 Biofilm Dead-end - 4 1 + + + - - 
 
a Numbers indicate ESGLI alleles.  
b Negative symbols (‘-‘) indicate negative amplification.  
c Positive symbols (‘+’) indicate positive amplification but non-assignable allele by 
direct sequencing.  
d Shadowed results indicate PCR products used for cloning. Those not in bold (pilE 
in sample 10405 and mip in sample 10407) could not be cloned. 
 In summary, eighteen of the sampling points were positive (18/120, 
15%) when analyzed by TD-PCR of the pilE region and were used for 
subsequent amplification of the remaining loci of the SBT scheme (Table 1). 
In most cases, it was not possible to amplify all the 7 loci, probably because 
of the low concentration and high complexity of the DNA in these samples. 
After sequencing the PCR products, only 18.2% (10/55, Table 1) could be 
identified with a specific allele at this point, with sequences showing a 
mixture of variants.  
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Analysis of cloned sequences from water and biofilms  
 In general, samples that were positive for the bacteria were not 
distributed uniformly throughout the sampling period as they appeared only 
from May onwards. Geographically, positive samples were mainly 
concentrated in the northern part of the city (Fig. 1). Dead-ends from 
different streets accounted for most positive samples (57.1%), while 33.3% 
were found in industries (including 2 street cleaners), and only 9.5% in 
untreated fountains (Table S1).  
 In order to better characterize the L. pneumophila found in water and 
biofilm samples for which no sequence type could be assigned, PCR 
products of the pilE, asd and mip loci for five of the samples were chosen for 
sub-cloning (Table 1). Between 3 and 15 clones containing the insert were 
retrieved and subsequently sequenced per fragment. The analysis of the 
cloned sequences with the ones deposited in the ESGLI database using 
phylogenetic methods showed intra-sample variability (Fig. 2 and Fig. S1), 
being the asd the locus the most heterogeneous one (Fig. 2). 
 Three different ESGLI alleles were detected in the asd locus of sample 
10405, as well as two different alleles in the asd and/or mip loci of samples 




Figure 2 | Maximum likelihood phylogenetic reconstruction of the sequences 
obtained from clones of the asd fragment amplified by PCR in biofilm samples 
(9729, 9733, 10015, 10405 and 10407, marked in red, orange, pink, blue and 
green, respectively) performed using RAxML. Alleles from the experimental control 
(ac1-ac11) are colored in grey and the remaining tips represent alleles from ESGLI. 











































































































































 Polymorphic positions between different alleles in the same sample 
varied from 3 SNPs between alleles asd_3 and asd_9 in sample 10405 to 14 
SNPs between alleles asd_18 and asd_28 in sample 9729 (Fig. 2). Some 
previously non-described alleles were also found among the sequenced 
clones that diverged in up to three nucleotides from alleles in the ESGLI 
database. To evaluate the possibility that these variants were the result of 
amplification and/or cloning errors, the asd region of one colony from a pure 
culture was also amplified, cloned and sequenced following the same 
protocol. The results from this control were used to calculate the 
experimental error rate and to compare it with the levels of polymorphism 
obtained previously. The experimental control presented an error rate of 
7.05x10-4, significantly lower than the polymorphism rates obtained for asd in 
the five cloned samples (Table 2).  
Table 2 | Rate of nucleotide change (µ) in the amplified and cloned region of asd in 
five biofilm samples, separately and together (All).  
  Samples 
Parameter 9729 9733 10015 10405 10407 All ECa 
Nb 12 11 15 12 12 62 12 
kc 16 6 16 12 9 44 4 
µd 2.82E-03 1.15E-03 2.26E-03 2.11E-03 1.59E-03 1.50E-03 7.05E-04e 
 
a Experimental control (EC) performed from a single colony of L. pneumophila. 
b Number of sequences (N). 
c Number of nucleotide differences (k). 
d µ = k/(N·L) with L (length) = 473 bp. 




Sequence type distribution and diversity in Alcoy 
 L. pneumophila strains isolated from environmental sources in Alcoy 
and with complete SBT patterns presented a higher diversity than those 
derived from clinical cases (Fig. 3). ST578 was the strain most frequently 
associated to outbreaks and sporadic cases (n=54; Fig. 3). Other clinically 
associated STs were ST637 (n=7), ST37 (n=1), ST181 (n=1) and ST1106 
(n=1). However, 26 different STs were detected in environmental sources, 
being ST1 (n=14) the most frequently isolated. Most of the environmental 
ST578s (n=11) were found during the investigation of an outbreak occurred 
in Alcoy in 2009117. 
 
Figure 3 | Diversity of sequence types detected by our group in the locality of Alcoy 
since 1999. Environmental isolates are shown in blue and clinical isolates in 
orange. STs found in this study are marked with an asterisk. 
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 A ML phylogenetic tree (Fig. 4) was obtained with the concatenated 
sequences of the 7 loci in the SBT scheme from the four strains isolated in 
this work along with other STs found in Alcoy and additional representatives 
from the ESGLI database. A similar tree without the neuA locus is shown in 
Fig. S2. The 7 loci tree presents two major groupings that correspond to the 
presence of a neuA or a neuAh allele in this locus218,359. Two of the isolates 
from this work clustered in the former group (8787c and 9185c, Fig. 4) and 
two in the later (9733c and 10402c). However, the exclusion of this locus 
from the reconstruction (Fig. S2) led sample 9733c to cluster with other STs 
detected previously in this area, such as ST777. The allele patterns included 
in this phylogenetic reconstruction are shown in Table S3. 
Effect of temperature and chlorine levels 
 Water temperature levels might play a role in the proliferation of L. 
pneumophila in the distribution network of the city. No positive samples by 
culture or direct amplification were obtained from February to March, when 
water temperatures at the sampling points ranged from 7.7ºC to 19.5ºC 
(Table S1). Most sampling points with positive detection of L. pneumophila 
showed water temperatures from 20.1ºC to 30.9ºC (Table S1) with the peak 
of mean temperature levels on the fourth week of June, coinciding with the 
highest number of positive samples. The correlation between the per-week 
average temperature and number of L. pneumophila occurrences was 
positive and statistically significant (Pearson’s r = 0.72, p-value < 0.05). 
 Chlorine levels had a wide range of variation between sampling points, 
from 0.00 mg/L in natural sources to a range of 0.00-6.00 mg/L in human-
made environments, and they did not show any significant correlation with 
the presence or absence of L. pneumophila (Pearson’s r = 0.12, p-value > 
0.20). The bacterium was found in places with complete lack of chlorine, 
!
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such as natural fountains, and also in chlorinated urban water pipes dead-
ends and street cleaners. 
 
Figure 4 | Maximum likelihood phylogenetic reconstruction performed by RAxML of 
the seven SBT sequences of the 4 environmental isolates (marked with a black 
dot), 28 STs found previously in Alcoy (in purple), and 31 STs from ESGLI (in 
black), 7 of which differed from the 4 involved in this study only in neuA (in grey) 
and the rest containing neuAh alleles (lower clade of the tree). Nodes with 
































































































 Molecular studies of L. pneumophila have been mainly derived from 
outbreak investigations. However, to better understand outbreaks it is 
important first to learn about the presence and distribution of the pathogen in 
the environment in non-outbreak conditions by studying potential sources of 
infection such as natural and artificial reservoirs and other risk 
facilities117,402,406. Besides, taking into account the role of amoebas and 
biofilms as L. pneumophila reservoirs335,403,404,406,411,421, the usage of other 
types of samples, apart from water, in epidemiological studies should be 
further encouraged. Here, we report the results of an intensive and 
homogeneous sampling of water and biofilms throughout the city of Alcoy 
(Alicante, Spain), where recurrent outbreaks of legionellosis arise 
frequently117,416,422. These results allowed us to study the basal diversity of L. 
pneumophila in this endemic area in the absence of epidemiological alert 
and to test the suitability of the direct analysis of biofilms compared to water 
samples for the environmental detection of this pathogen. 
 L. pneumophila was detected by at least one of the methods in 21 
samples (17.5%, Table S1), although isolation of L. pneumophila was only 
possible for 4 water samples (3.3%). Other works have shown a higher rate 
of isolation by culture109,182,186,187 but these used mostly hot-water samples 
and Legionella is known to replicate actively in warm environments5. 
However, in previous reports in which direct PCR over water samples was 
performed the detection rate was higher than by culturing. The strains 
isolated in this study were all retrieved from street dead-ends, which 
accounted for the majority of positive sampling points (57.1%). In the 60 
sampling points in which both water and biofilm samples were studied, only 
1.7% of the water samples were L. pneumophila-positive by PCR, while the 
analysis of biofilms increased the percentage of detection up to 21.7%. 
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Besides, the presence of L. pneumophila was not found to correlate with the 
levels of chlorine detected in the corresponding sampling points, as shown 
previously by other studies423,424. Positive samples were found in different 
areas of the city, with a higher concentration in the northern part and a peak 
during the month of June with an average temperature at the sampling 
points in the range 25-30ºC, around the optimum temperature at which 
Legionella can multiply actively5.  
 Although biofilm swabs have been already used for L. pneumophila 
detection in environmental samples131,406,409–411, to our knowledge no specific 
comparison between the detection of L. pneumophila from water and biofilm 
samples has been performed yet. Analyzing one liter of water involves a 
more diluted bacterial sample that has to be processed through filtering and 
re-suspension steps, which might reduce the final yield of extracted DNA. 
However, biofilms can be scraped and transported easily using cotton or 
polystyrene swabs, which can be directly used for total DNA extraction and 
subsequent amplification. The biofilm-based detection method for L. 
pneumophila surveillance presented here can be readily applied to the study 
of outbreaks (Sánchez-Busó et al, submitted) because it has been proven to 
be rapid and sensitive enough to detect and even identify outbreak-causing 
L. pneumophila reservoirs and spreading devices in different human-made 
environments. However, further work needs to be performed in order to 
validate this method for routine analysis. 
 Changes in water flow velocity can produce biofilm detachment (Horn 
et al, 2003), although most L. pneumophila-positive samples were retrieved 
from sites with stagnant water. Thus, it is likely that the attached biofilms 
were not eroded enough by the water collection process at the time of 
sampling. This, along with the low bacterial load in water, can explain the 
low rate of detection in water samples compared to biofilms, which were 
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mechanically scraped. Sites in which the biofilm sample tested negative for 
L. pneumophila but positive for the other methods can be explained by a 
reduced amount of biofilms collected by scraping with a cotton swab during 
sampling or by the previous detachment of the bacteria, which also shows 
some of the limitations of this method. 
 The STs found in this work (ST578, ST1086, ST1324 and ST1358) 
show a level of diversity that is congruent with that known to be present in 
the Alcoy area by the SBT culture-based routine surveillance programs 
performed in our laboratory (Fig. 3 and Fig. 4). Specifically, ST578 has 
caused many of the recent outbreaks in Alcoy117, and has been found in this 
study in a similar frequency to other STs. Considering the high incidence of 
ST578-related legionellosis cases in this area, it is probable that, when 
conditions favor the multiplication of Legionella, ST578 presents a replicative 
and infective advantage. Further studies at the microbiological and genomic 
level are needed in order to confirm this hypothesis. 
 Despite that less than 20% of the sampling points tested in this study 
resulted positive for L. pneumophila, the results presented in this work show 
a level of environmental variability in an endemic area higher than expected. 
These results lead us to hypothesize that, in the absence of epidemiological 
risk, this pathogen is mostly attached to biofilms in a viable but non-
culturable form in the water distribution system, thus explaining the low 
detection rate from water samples both by culturing or molecular 
amplification. Moreover, our results provide an applicable and rapid 
approach to increase the rate of L. pneumophila detection for routine 
analysis and outbreak investigations by direct amplification from biofilm 
samples. However, its combination with culture-based methods is essential 
in order to define precisely the sequence types involved in the investigation 
when the presence of more than one genetic pattern makes the assignment 
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from direct amplification difficult. Finally, additional high-throughput studies 
are also of interest to better evaluate the actual heterogeneity of L. 
pneumophila in natural environments as well as the bacterial communities in 
which Legionella can be found, and also to gain insight on the mechanisms 
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Table S1 | Sampling sites tested positive for L. pneumophila. C, W and B denote 
culture, water and biofilm, respectively (positive or negative results are shown as +/-
). Sampling sources, water temperature and chlorine levels at each point are also 
shown. 
Sample 







8523 19/05/2011 - +  Industry Water nozzle 1.07 20.90 
8524 19/05/2011 - +  Industry Spray nozzle NA NA 
8527 19/05/2011 - +  Industry Water nozzle 0.90 21.90 
8787 26/05/2011 + +  Street Dead-end 1.15 22.40 
8794 26/05/2011 + -  Street Dead-end 1.21 24.00 
9185 02/06/2011 + -  Street Dead-end 1.53 20.10 
9729 09/06/2011 - - + Street Dead-end 1.43 20.20 
9733 09/06/2011 + + - Street Dead-end 0.77 21.70 
10006 16/06/2011 - - + Street cleaner Water deposit 6.00 27.00 
10007 16/06/2011 - - + Street cleaner Water nozzle 5.05 24.20 
10015 16/06/2011 - - + Industry Spray nozzle 0.35 30.90 
10401 23/06/2011 - - + Street Dead-end 1.24 25.40 
10402 23/06/2011 + - - Street Dead-end 1.23 26.00 
10403 23/06/2011 - - + Street Dead-end 1.05 17.50 
10404 23/06/2011 - - + Street Dead-end 1.42 25.40 
10405 23/06/2011 - - + Street Dead-end 0.91 24.30 
10406 23/06/2011 - - + Street Dead-end 1.38 29.10 
10407 23/06/2011 - - + Street Dead-end 1.31 24.70 
10718 30/06/2011 - - + Fountain Natural non-drinking water 0.00 16.10 
10720 30/06/2011 - - + Fountain Natural non-drinking water 0.00 12.80 
11209 11/07/2011 - - + Industry Water nozzle 0.00 27.40 
 
142 
Table S2 | Optimal annealing temperatures for the touchdown PCR of the seven loci 





10 cycles 35 cycles 
fliC 66-56 56 Gaia et al, 2003 
pilE 65-55 55 Gaia et al, 2005 
asd 66-56 56 Gaia et al, 2005 
mip 66-56 56 Gaia et al, 2005 
mompS 60-50 50 Gaia et al, 2003-2005 
proA 64-54 54 Gaia et al, 2003 




Table S3 | Allelic profiles of the 63 sequences included in the phylogenetic 
reconstructions shown in Fig. 4 and Fig. S1. The samples from this study are shown 
in bold and the remaining sequences were retrieved from the ESGLI database.  
 
Name fliC pilE asd mip mompS proA neuA ST 
ST_1 1 4 3 1 1 1 1 1 
ST_9 3 10 1 3 14 9 11 9 
ST_36 3 4 1 1 14 9 1 36 
ST_37 3 4 1 1 14 9 11 37 
ST_48 5 2 22 27 6 10 12 48 
ST_51 6 10 15 28 9 14 6 51 
ST_52 1 10 3 1 1 1 1 52 
ST_74 5 1 22 30 6 10 6 74 
ST_171 6 10 15 3 21 4 9 171 
ST_181 3 10 1 12 14 9 9 181 
ST_187 3 10 1 28 14 9 3 187 
ST_230 5 1 22 30 6 10 10 230 
ST_306 6 10 15 13 9 14 11 306 
ST_328 6 10 19 28 19 4 9 328 
ST_337 10 22 7 28 16 18 6 337 
ST_367 6 10 15 28 21 14 9 367 
ST_469 3 10 1 28 14 9 9 469 
ST_522 5 1 22 30 6 10 13 522 
ST_577 6 10 15 13 9 14 16 577 
ST_578 6 10 15 13 9 14 6 578 
ST_637 6 10 15 3 9 14 6 637 
ST_745 5 2 22 10 6 25 9 745 
ST_777 5 2 22 10 6 25 1 777 
ST_804 6 10 15 3 21 14 6 804 
ST_856 5 1 22 30 6 10 1 856 
ST_1035 2 3 18 10 2 1 1 1035 
ST_1036 1 4 3 19 1 1 3 1036 
ST_1037 6 10 14 28 21 4 9 1037 
ST_1038 1 6 3 10 1 5 11 1038 
ST_1039 6 10 15 13 21 14 6 1039 
ST_1070 5 1 22 30 6 10 15 1079 
ST_1086 5 2 22 10 6 25 6 1086 
ST_1106 6 10 15 12 17 14 9 1106 
ST_1300 11 14 16 18 15 13 201 1300 
ST_1301 2 11 3 28 9 4 207 1301 
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ST_1302 2 10 4 28 4 4 207 1302 
ST_1317 16 21 12 19 31 21 215 1317 
ST_1318 6 10 5 10 9 1 209 1318 
ST_1319 2 6 17 14 12 8 211 1319 
ST_1320 8 1 22 30 6 10 203 1320 
ST_1322 6 10 22 3 21 3 207 1322 
ST_1323 6 10 3 28 9 4 207 1323 
ST_1324 5 1 22 30 6 10 203 1324 
ST_1325 7 6 3 20 13 11 205 1325 
ST_1326 3 10 1 28 14 9 207 1326 
ST_1327 11 14 16 31 15 13 210 1327 
ST_1328 20 26 27 34 46 27 212 1328 
ST_1329 1 4 3 5 50 1 213 1329 
ST_1330 2 6 17 28 13 31 207 1330 
ST_1331 6 10 14 10 33 1 209 1331 
ST_1332 12 8 11 20 40 12 216 1332 
ST_1333 2 10 3 28 9 14 207 1333 
ST_1334 11 14 16 25 7 13 206 1334 
ST_1335 14 18 8 18 28 19 201 1335 
ST_1336 6 35 38 42 1 14 207 1336 
ST_1337 2 10 3 3 9 14 207 1337 
ST_1341 3 13 1 3 14 9 207 1341 
ST_1343 6 10 21 28 4 14 207 1343 
ST_1358 5 2 22 10 6 25 203 1358 
8787c 5 2 22 10 6 25 6 1086 
9185c 6 10 15 13 9 14 6 578 
9733c 5 2 22 10 6 25 203 1324 






Figure S1 | Maximum likelihood phylogenetic reconstruction of the sequences 
obtained from clones of the pilE (A) and mip (B) fragments amplified by TD-PCR in 
biofilm samples (9729, 9733, 10015, 10405 and 10407, marked in red, orange, pink, 
blue and green, respectively) performed using RAxML. Note that clones from all 
samples could not be retrieved for these loci. Nodes with bootstrap support values 




Figure S2 | Maximum likelihood phylogenetic reconstruction performed by RAxML 
of six fragments of the SBT scheme (all except neuA) of the 4 environmental 
isolates (marked with a black dot), 28 STs found previously in Alcoy (in purple), and 
31 STs from ESGLI (in black), 7 of them differing from the 4 involved in this study 
only in neuA (in grey) and the rest containing neuAh alleles (lower clade of the 
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 A long-lasting legionellosis outbreak was reported between November 
2011 and July 2012 in a hotel in Calpe (Spain) affecting 44 patients 
including 6 deaths. Intensive epidemiological and microbiological 
investigations were performed in order to detect the reservoirs. Clinical and 
environmental samples were tested for the presence and genetic 
characterization of Legionella pneumophila. Six of the isolates were 
subjected to whole-genome sequencing. 
 Sequencing of all clinical isolates revealed sequence type (ST) 23 as 
persistently found in the spa pool, from where it spread to other hotel public 
spaces, explaining the ST23 clinical cases, including guests who had not 
visited the spa. Uncultured clinical specimens showed profiles compatible 
with ST23, ST578 and mixed patterns. Profiles compatible with ST578 were 
obtained by direct sequencing from biofilm samples collected from the 
domestic water system. Whole genome data from five ST23 strains provided 
evidence that these patients had been infected by distinct STs that likely 
colonized the hotel since its opening. 
 Both epidemiological and molecular data are essential in the 
investigation of legionellosis outbreaks. Whole-genome sequencing data 
revealed significant intra-ST variability and allowed to make further inference 




 Legionellosis infections are opportunistic and the inhalation of aerosols 
with enough bacterial loads can cause a severe form of pneumonia, known 
as Legionnaires’ disease82, or a milder flu-like condition, denoted as Pontiac 
fever88. After its first identification in 1976 in a Legionnaires’ convention in a 
hotel in Philadelphia, many legionellosis outbreaks have involved travel-
associated clusters103,104,212. 
 Legionellosis outbreaks are usually studied by typing pure Legionella 
cultures from infected patients with different molecular techniques; assuming 
that only one strain is causing the disease. However, co-infection with 
different Legionella species has also been reported231,425–428, as well as with 
different serogroups of L. pneumophila230,231,425. The introduction of new 
typing methods based on direct amplification and sequencing of Legionella 
from clinical samples183,227,228 has also revealed that outbreak patients can 
be infected simultaneously by more than one Legionella strain229, even from 
the same serogroup. Dual or multiple infections pose an additional difficulty 
for the identification and subsequent control of outbreak sources. 
 In November 2011, the first cases of a legionellosis outbreak that 
lasted 33 weeks were reported in a hotel in the locality of Calpe (Comunidad 
Valenciana, Spain). The outbreak comprised four different clusters with 2 
suspected and 42 confirmed patients that matched the European case 
definition including 6 fatalities. The hotel had a previous history of six 
legionellosis cases in 2006, just three months after it was opened to the 
public, and one case in 2007. However, no additional cases had been 
reported until the outbreak analyzed in this work, in which both tourists and 
workers were affected.  
 Upon notification of the first cases, public health officials started an 
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environmental investigation and the implementation of control measures107. 
These included the disinfection of the water distribution system of the hotel 
and its closure. Here, we present the molecular analyses performed during 
the investigation of this outbreak using both cultured and uncultured clinical 
and environmental samples that helped unveil the infection source and route 
for all the patients. Whole-genome sequencing (WGS) was performed for 
some of the isolates to get higher discrimination than the traditional DNA 
Sequence-Based Typing (SBT) and to infer when L. pneumophila might 
have colonized the facility. 
Materials and methods 
Case definition and epidemiological description of the outbreak 
 Confirmed cases were defined as patients who, having stayed or 
worked at the hotel between two and ten days before the onset of symptoms, 
showed a clinical diagnosis of pneumonia with laboratory findings which 
confirmed infection by Legionella, including a positive urine test for L. 
pneumophila antigen or a positive culture isolation of the bacteria from 
respiratory secretions.  
 The outbreak was epidemiologically divided into four temporal clusters 
that involved 44 cases, 38 tourists (average age 71.5) and 6 hotel workers 
(average age 49.5) (Fig. 1). Visitors had stayed at 28 different rooms in the 
hotel, distributed in 11 floors. Six of the rooms accommodated two cases 
and other three patients had also used the same room, two of them 
simultaneously. The outbreak involved 6 deaths (average age 77.2), and 
deceased patients had stayed at 5 different rooms: two of those patients had 
stayed in the same room at different times. Only 5 tourists and 2 workers 
had ever been in the spa facility of the local, which is located below the main 
hall from where it is easily visible through a glass dome. 
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Figure 1 | Number of cases affected by legionellosis grouped per week of onset of 
symptoms. Detection of L. pneumophila during the environmental investigation is 
indicated by colors in the lower bar (see legend). Measures undergone by local 
health authorities are also marked in the corresponding weeks.  
Clinical samples 
 Clinical samples from 14 outbreak patients were received for study in 
our local reference laboratory for L. pneumophila infections. Specifically, 8 
sputum, 2 broncho-alveolar aspirates (BAS), 1 lung puncture aspirate and 3 
cultures obtained in the Microbiology Service of the corresponding hospitals, 
two of them from autopsies, were collected and transported at 4ºC for 
genetic testing. Total DNA was extracted from uncultured clinical samples 
using UltraClean® BloodSpin® DNA Isolation Kit (MoBio). DNA from the 3 
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 A total of 632 two-liter water samples and 164 biofilm swabs (per 
duplicate) were taken during the environmental investigation of the outbreak 
from the different water systems of the hotel including the spa pool. Water 
samples were tested for biocides, pH and temperature. Pieces of air filters of 
the air-conditioning system connecting the spa and the hall area were also 
collected for testing. All samples were transported immediately to the lab for 
L. pneumophila detection and genetic characterization. 
 Water filtering and culturing were performed following the AFNOR NF 
T 90-431 2 (2003) and UNE-EN ISO 11731-2:2008 regulations on water 
quality and standard culture-based detection of Legionella spp. isolates were 
serogrouped using Oxoid Legionella Latex Test (Thermo Scientific), 
subtyped using monoclonal antibodies7,8, and subsequently characterized 
genetically. Different colonies from the culturing plates were analyzed, when 
available, to check for strains of different genetic profile. 
 Biofilm swabs and air filters were submerged into lysis buffer (100 mM 
Tris HCl, 100 mM NaCl, 1 mM EDTA, 10% SDS and ultrapure water, final 
pH 8.1) and incubated with 1 mg/mL proteinase K during 10 minutes at 65ºC 
for biofilm swabs and 30 minutes at the same temperature for the other 
samples. Cotton swabs were introduced into 0.7 mL microtubes with an 
opening at the bottom placed inside a 2-mL microtube417 and centrifuged at 
maximum speed for 10 minutes to recover the maximum amount of lysate. 
Final retrieved volumes were used for direct DNA purification using the spin 
filter protocol of the UltraClean® BloodSpin® DNA Isolation Kit (MoBio). 
 DNA from L. pneumophila culture isolates was extracted by thermal 
shock. A small amount of bacteria was suspended in 200 µL of autoclaved, 
ultrapure water and subjected to two cycles of a 5-min incubation step at 
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99ºC followed by 5 min at 4ºC. Cell debris was pelleted by centrifuging 
during 3 min at 12,000 rpm, and the DNA-containing supernatant was used 
for molecular amplification. 
L. pneumophila detection and Sequence-Based Typing (SBT) 
 Touchdown PCR (TD-PCR)418 targeting two regions of the Sequence-
Based Typing (SBT)216,359 scheme (pilE and asd) was performed on the DNA 
samples extracted from biofilms for L. pneumophila detection. Positive 
samples were subsequently used for amplifying the 5 remaining loci (fliC, 
mip, mompS, proA and neuA) in the SBT scheme for this species. 
Amplification was performed using 2.5 U FastStart High Fidelity PCR 
System (Roche Applied Science), 1X Buffer with MgCl2 1.8 mM, 200 µM of 
each dNTP, 4% DMSO, 0.2 µM of the corresponding pair of primers, an 
amount of DNA suspension depending on its concentration (measured three 
times by NanoDrop 1000TM, Thermo Scientific) and autoclaved and filtered 
ultrapure water to a final volume of 25 µL. The thermal profile of the TD-PCR 
included an initial denaturation step of 5 minutes at 95ºC followed by 10 
cycles of denaturation (30 s at 95ºC), annealing (30 s at a primer-dependent 
temperature352 and at a ramp rate of -1 ºC/cycle) and extension (30 s at 
72ºC). Immediately after the TD step, 35 cycles of standard PCR were 
applied using the same conditions but fixing the annealing temperature at 
the optimal for each region; a final extension step of 8 min at 72ºC was also 
used to ensure complete amplification. 
 DNA retrieved from L. pneumophila pure cultures and uncultured 
clinical samples from confirmed patients were used for amplification of the 7 
loci in the SBT scheme by traditional267 and seminested PCR amplification228. 
PCR products were purified and Sanger-sequenced as previously described 
in Coscollá et al228,267. 
!
155 
Cloning of PCR products  
 PCR products from 5 positive biofilm samples obtained in hotel rooms 
associated to clinical cases and that showed evidence of multiple L. 
pneumophila variants in fliC, pilE and asd were cloned into Escherichia coli 
JM109 Competent Cells (Promega) using pGEM®-T Easy vector System II 
(Promega). In order to check whether the minor variants detected could be 
considered actual polymorphisms and not artifacts resulting from the 
amplification and/or cloning process, TD-PCR products from pure cultures of 
these three regions were cloned and sequenced. PCR products from the 
same regions obtained from 4 sputum/BAS samples were also cloned in 
order to check for intra-patient variability. Ligation and transformation 
reactions were performed following the instructions of the manufacturer.  
Phylogenetic reconstruction of SBT data 
 The sequences of the alleles involved in the STs found in the analyzed 
samples were downloaded from the ESGLI SBT database221 and 
concatenated in order to create a haplotype sequence for each strain. 
Complete and incomplete profiles (with at least two sequenced loci) were 
used for maximum likelihood phylogenetic reconstruction using RAxML 
v7.2.8345 with the GTRGAMMA model of substitution and 1000 bootstrap 
replicates along with reference STs. 
Whole-genome sequencing on outbreak isolates 
 Four clinical ST23 and 2 environmental isolates (ST23 and ST1236) 
were selected because of their DNA quality and quantity for whole-genome 
sequencing using the SOLiD 5500XL platform. Single-end reads of 75 bp 
with an average per nucleotide coverage of 90X were mapped against the 
assembly of one of the ST23 strains (VelvetOptimiser v2.2.5)429, ID_125 
(resulting scaffold of 3,307,11 bp), following the pipeline described in 
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Sánchez-Busó et al (2014)339. Filtered SNPs from the core genome of the 
six strains and 9 reference genomes from GenBank (Paris - NC_00636872, 
Lens - NC_00636972, Philadelphia1 - NC_00294252, Alcoy - NC_014125236, 
Corby - NC_009494235, Lorraine - NC_018139271, 130b - FR687201240, 
ATCC43290 - NC_016811 and HL06041035 - NC_018140) were used for 
phylogenetic reconstruction under the minimum evolution criterion430. To do 
so, pairwise distances and 1,000 bootstrap replicates were applied with 
MEGA5.0362. SOLiD genomic data have been deposited in the European 
Nucleotide Archive (ENA) under project accession PRJEB5990. 
Bayesian estimation of colonization time 
 In order to study the time at which ST23 could have started 
proliferating within the hotel, we used the ST23 non-homoplastic core 
alignment (3,267,949 bp) for Bayesian estimation with BEAST v1.7.5431. The 
HKY model of nucleotide substitution and an uncorrelated lognormal 
molecular clock were selected using the substitution rate previously 
estimated for ST578339 and the isolation dates as priors. Four parallel 
Markov chains using the same parameters were run for 10,000,000 
generations with samples taken every 10,000 steps. Convergence of the 





Clinical L. pneumophila SBT profiles 
 L. pneumophila could be cultured from only 4 (28.57%) of 14 the 
clinical samples studied in our laboratory, two from pulmonary tissue 
retrieved during autopsy and the other two from sputums. All of them were 
typed as ST23 (Table 1), in agreement with the results obtained by Public 
Health England (PHE) from the first travel-associated cases related to the 
hotel that were reported after returning to their country of origin107. Eleven 
uncultured clinical samples (one of them was also culture-positive) were 
analyzed by direct amplification and sequencing as described. Three of 
them provided a complete genetic profile (ST23) and an additional sample 
(163655) resulted in a new profile that differed from ST23 in two loci (fliC 
and mompS; Table 1). Other two samples (191712 and 192147) presented 
very divergent profiles to ST23. However, some of the sequencing reads 
from these and two other samples (192061 and 163655) presented 
unresolved nucleotides at several positions, which led us to seek 
determining their sequence with better precision. 
 Cloning and sequencing of PCR products from three loci (fliC, pilE and 
asd; Table 2) from the 4 uncultured sputums detailed above revealed the 
presence of two variants (asd-1 and asd-15) in patient 191712, providing 
evidence for the presence of an infecting strain that matched that found in 
patient 192147. It is worth mentioning that these two patients were a couple 
who had stayed in the same hotel room and that although the corresponding 
profiles missed one locus each, their combination corresponded to ST578 
(Table 1).  
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Table 1 | Sequence-based Typing of L. pneumophila strains from clinical samples. 
Shadowed bold numbers correspond to PCR products that were cloned for further 
genetic testing.  
*ST-A corresponds to a new profile that could not be reassigned because results came from 
an uncultured sample. 
 
Table 2 | List of clinical and environmental biofilm samples submitted to cloning of 
PCR products. Underlined bold regions were used (fliC, pilE, asd, mip, mompS, 
proA, neuA). Selected biofilm samples were taken from different rooms. 
Sample C/Ea Allele patternb ST Implication 
191712 C 6,10,1/15,13,X,14,6 578c Patient 
192147 C 6,10,1,13,2,X,6 - Patient 
163655 C 6,3,9,10,9,1,6 B Patient 
192091 C X,3,9,10,2,1,6 23c Patient 
cal12_18 E +,+,+,+,+,+,+ + Hotel room with 2 cases (1 death) 
cal12_40 E 6,10,15,X,9,14,6 578c Hotel room with 1 case (1 death) 
cal12_46 E 6,10,15,13,9,14,6 578 Hotel room with 2 cases (1 death) 
cal12_97 E 6,10,+,+,9,14,+ 578c Hotel room with 1 case 
cal12_151 E 6,10,15,13,9,14,6 578 Hotel room with 2 cases  
(2 deaths) 
F3 E 2/6,3,9,10,2,1,6 23 Air filter 
a C: clinical, E: environmental. 
b X: PCR amplification failed, +: positive amplification but allele assignation failed. 
c Incomplete allele pattern but compatible with ST23 or ST578. 
Sample Type of 
sample 
fliC pilE asd mip mompS proA neuA ST 
125 Cultur  2 3 9 10 2 1 6 23 
191712 Sputum 6 10 1,15 13 - 14 6 (578) 
192091 
Culture 2 3 9 10 2 1 6 23 
Sputum - 3 9 10 2 1 6 23 
163655 Sputum 6 3 9 10 9 1 6 A* 
192147 Sputum 6 10 1 13 2 - 6 - 
50291 Culture 2 3 9 10 2 1 6 23 
50726 Culture 2 3 9 10 2 1 6 23 
191620 Lung 
puncture 
2 3 9 10 2 1 6 23 
193975 Sput m 6 3 - - 2 1 6 - 
9138 Sputum - - 9 - - - - - 
160613 Sputum 2 3 9 10 2 1 6 23 
18484 Sputum 2 3 9 - 2 1 6 - 
160717 BAS 2 3 9 10 2 1 6 23 
!
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Environmental L. pneumophila SBT profiles 
 From the sampled biofilms, 106 (64.63%) resulted positive for at least 
one of the two SBT loci initially tested, pilE and asd. PCR and further 
sequencing of the remaining other loci revealed that a profile compatible 
with ST578 was frequently found in samples from most of the rooms studied 
and other common hotel facilities (Table 3). Only one biofilm swab was 
taken from the spa at the end of January 2012 and it tested negative.  
 Positive cultures were obtained from water samples taken at the spa 
pool (Table 3), revealing mostly L. pneumophila serogroup 1 MAb type 
Allentown/France ST23, and L. pneumophila serogroup 1 ST1236. However, 
L. pneumophila serogroup 10 (ST1358) and L. micdadei were also observed 
when several colonies from the same plate were analyzed. ST1236 isolates 
showed a SBT profile (6, 10, 15, 10, 21, 40, 6) that is genetically close to 
that of ST578 (6, 10, 15, 13, 9, 14, 6), found only in biofilm samples, with a 
difference in only 5 nucleotide sites (Fig. 2).  
 The link between the environmental strain ST23 found in the spa pool 
and most clinical cases was firmly established by the corresponding SBT 
sequencing results. However, only the direct SBT analysis of uncultured 
environmental and clinical samples provided evidence for the existence of a 
second infecting strain found only in the domestic water system, compatible 
with ST578, which can be linked reliably to at least one clinical case (Tables 
1 and 2). In general, the phylogenetic tree derived from all these sequence 
data revealed links between all the clinical cases and environmental 
samples from the hotel (Fig. 2). 
 
Table 3 | Results of the molecular investigation of environmental samples.  





Hotel rooms, Hall, 
Restrooms 164 Biofilm 6 10 15 13 9 14 6 578 - 
31/01/2012 Al47 Spa pool 
3  Culture 6 10 15 10 21 40 6 1236 1 
3 Culture - - - - - - - Legionella micdadei - 
31/01/2012 918 Spa pool 2  Culture 6 10 15 10 21 40 6 1236 1 
11/02/2012 12392  Spa pool 1 Culture 2 3 9 10 2 1 6 23 1 
23/02/2012 2084 Spa pool 1 Culture - - - - - - - Legionella micdadei - 
12/04/2012 4029 Spa pool 
4  Culture 2 3 9 10 2 1 6 23 1 
1  Culture 6 10 15 10 21 40 6 1236 1 
1 Culture - - - - - - - Legionella micdadei - 
02/05/2012 4855 Spa pool 9  Culture - - - - - - - Legionella micdadei - 
02/05/2012 4856 Spa pool 12  Culture 2 3 9 10 2 1 6 23 1 
02/05/2012 4857 Spa pool 
3  Culture 2 3 9 10 2 1 6 23 1 Allentown/France 
1  Culture 6 10 15 10 21 40 6 1236 1 Allentown/France 
1  Culture 5 2 22 10 6 25 203 1358 10 
2  Culture - - - - - - - Legionella micdadei - 
26/06/2012 8298 Room, cold wáter 9 Culture - - - - - - - - 2-15 
04/07/2012 Al657 90 m3 water tank 10  Culture 2 3 9 10 2 1 6 23 1 
07/07/2012 PF2 Air filter - Biofilm 6 3 - - - - - - - 









07/07/2012 F1 Air filter - Biofilm 6 3 9 10 2 1 6 1164 - 
07/07/2012 F2 Air filter - Biofilm 6 3 9 10 2 1 6 1164 - 
07/07/2012 F3 Air filter - Biofilm 2 3 9 10 2 1 6 23 - 
09/07/2012 8965 Osmosis (in) 7  Culture 2 3 9 10 2 1 6 23 1 
09/07/2012 8966 Osmosis (out) 5  Culture 2 3 9 10 2 1 6 23 1 
09/07/2012 8968 Spa (fountain) 10  Culture 2 3 9 10 2 1 6 23 1 
18/07/2012 69135 Spa pool 1 Culture - - - - - - - Legionella micdadei - 
18/07/2012 69147 Spa pool 1 Culture - - - - - - - Legionella micdadei - 
18/07/2012 69148 Osmosis device 1 Culture 2 3 9 10 2 1 6 23 1 Allentown/France 
18/07/2012 69153 Spa pool 1 Culture 2 3 9 10 2 1 6 23 1 Allentown/France 
18/07/2012 69183 Spa pool drainer 1 Culture 2 3 9 10 2 1 6 23 1 Allentown/France 
27/07/2012 Al763 Watering network (hotel entrance) 1 Culture 5 2 22 10 6 25 203 1358 8 
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 Smoke-tracing studies and airflow dynamics models showed that 
aerosols from the spa area could reach easily the hotel hall by different ways, 
including the air-conditioning system. Pieces of the air filters collected from 
the air-handling unit for the hall area were further analyzed by direct SBT. 
 
Figure 2 | Maximum likelihood tree constructed with RAxML using SBT data of all 
clinical and environmental samples included in the study. Red and green tips 
represent clinical and environmental samples, respectively. Reference STs are 
shown in black. Complete profiles are marked with a filled circle. Bootstrap support 









Five of the six filter samples analyzed were positive for two loci of the 
bacteria (pilE and asd) by TD-PCR. A mixed pattern was detected for locus 
fliC in one of the samples, which prompted us to use the same procedure for 
cloning and sequencing of PCR products described previously. The analysis 
of sequences derived from filter samples revealed the presence of strain 
ST23, thus providing clear evidence of the presence of this ST in the air-
conditioning system of the hotel, and also a compatible profile (ST1164) 
which differs from ST23 in only one polymorphic site (Tables 2 and 3). The 
sequences obtained from these samples were also included in the 
phylogenetic tree shown in Fig. 2. 
ST23 colonization history analyzed by WGS 
 Five ST23 isolates (4 clinical and 1 obtained from the spa pool) were 
subjected to whole-genome sequencing (WGS) to assess the intra-ST23 
variability and to gain insight about its colonization history. Additionally, one 
ST1236 isolate was included to check its relatedness to ST578, from which 
it is genetically close according to the SBT data. 
 Seventy-one polymorphic sites were detected in the core genome of 
the five ST23 strains (3,267,949 bp). Twenty-four were estimated as 
homoplastic and removed from further analyses to account for the effect of 
recombination, leaving 47 non-homoplastic SNPs. The average number of 
core SNPs between ST23 isolates was estimated to be 22.4 (range 9-34; 
6.85E-06 substitutions per site, s/s) (Fig. 3). Strain ID_918 (ST1236) showed 
a high divergence from the ST23 strains, with approximately 38,810 SNPs 
between both STs (core genome size 2,844,379 bp; 0.0136 s/s). SBT data 
showed just 5 nucleotide differences from ST578 (Fig. 2). However, at the 





Figure 3 | Minimum-evolution tree constructed using pairwise SNP distances between the sequenced strains and the 
reference genomes from the databases. Black dots at nodes represent bootstrap supports higher than 90%. Branch 
labels indicate number of polymorphisms. 
!
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 Using a Bayesian inference approach, the substitution rate for the five 
ST23 strains was estimated to be 7.76E-07 s/s/y (95% Highest Posterior 
Density (HPD) interval 2.32E-06 - 2.09E-08), corresponding to an 
accumulation of approximately 2.5 nucleotide changes in the core genome 
per year. Hence, these isolates started to diverge from their most recent 
common ancestor by approximately year 1994 (95% HPD, 1956-2011), 
much earlier than the hotel opening (2006).  
Discussion 
 We have described the results of the epidemiological, environmental 
and genetic investigations of a complex and long-lasting legionellosis 
outbreak that occurred between November 2011 and July 2012 in a hotel 
(Calpe, Spain) with 44 cases and 6 fatal outcomes. During the outbreak, 
different control measures were adopted, which included repeated cleaning 
and disinfections of the different water systems of the hotel and two 
temporary hotel closures (Fig. 1). The outbreak was controlled only when 
the hotel spa pool was permanently closed and completely dismantled. A 
new spa pool was built with renewed air-conditioning ducts. No new case of 
legionellosis related to this hotel has appeared since then.  
 The initial epidemiological investigation revealed a clear link to the 
hotel that prompted the first control measures. The first signs of the 
presence of this bacterium in the hotel were obtained by the direct 
amplification of two loci from biofilm samples in several hotel rooms only ten 
days after the cleaning and disinfection and led to the first closure of the 
hotel107. Remarkably, the corresponding water samples were negative for 
Legionella by culture. Repeated samples from the same spots revealed that 
biofilm-containing Legionella recolonized most facilities only a few days after 
their apparently removal by chlorine treatment.  
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 Most of the sequenced clinical isolates and direct samples 
corresponded to ST23 whereas a profile compatible with ST578 was 
repeatedly identified in biofilm samples of the domestic water system. The 
only exception corresponded to a couple (samples 192712 and 192147) who 
shared the same room and whose incompletely determined ST differed in 5 
of the six sequenced loci from ST23 but were compatible with ST578 (Table 
1). Additional cloning and sequencing of PCR products from these patients 
revealed the presence of common strains in both of them, thus confirming 
the existence of a second infecting strain along the outbreak which, in turn, 
suggested that the domestic water system was another source of infection. 
Several recent reports229–231,293 have shown the presence of mixed 
Legionella infections in outbreak patients. Here, we have shown the 
presence of more than one strain co-existing in the same location and 
simultaneously producing infections that led to an outbreak.  
 After the first cluster of cases, ST23 was isolated for the first time in 
the spa pool, located at the hotel basement. However, the initial 
epidemiological investigation failed to find a link between many of the 
patients infected with L. pneumophila ST23 and the spa area. In July 2012, 
a thorough environmental investigation of the spa structure led to the 
discovery of multiple hidden cavities with stagnant water under the pool 
vessel that had connections to the bathing water. Subsequent environmental 
studies suggested the dissemination of ST23 from the spa pool to the hall 
area through different ways including the air-conditioning system. The 
identification of Legionella profiles compatible with ST23 in the air filters of 
the air-handling unit for the hall area confirmed the implication of the air-
conditioning system in the dissemination of this strain. This fact contributed 
to explain the detection of this ST in samples from patients who had not 
visited the spa. Sequencing of isolates from water samples revealed mainly 
!
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ST23, ST1236 and Legionella micdadei as colonizers in different parts of the 
spa pool, a reverse osmosis plant, a drinking fountain at the spa and a 
pressure vessel of a non-potable water system. 
 Genomic data can be used to estimate the evolutionary rates of living 
organisms286,339,432,433, and even the time at which these organisms could 
have colonized a specific location339. Only three works up to date have used 
high throughput sequencing to the retrospective study of legionellosis 
outbreaks241,293,434. In the latter case, L. pneumophila isolation was only 
possible from 15/91 patients. In our case, isolation was only retrieved from 
4/14 of the clinical samples. The difficulty in obtaining L. pneumophila pure 
cultures from all the samples is reflected in the subsequent poor 
representation of the outbreak strains that we could use for WGS.  
 Using Bayesian inference, we estimated the substitution rate of the 
non-recombinant core genome of the ST23 strains within the hotel as 7.76E-
07 s/s/y, higher but in the same order of magnitude than that estimated for 
the persistent ST578 in the locality of Alcoy (1.39E-07 s/s/y)339. The ST23 
strains found in the spa were not identical, as would be expected from a 
single clone colonizing the spa and causing an outbreak. Besides, the time 
at which ST23 could have started proliferating was estimated to be 
approximately year 1994. Despite the long HPD intervals from the Bayesian 
analysis (1956-2011), the finding of 71 polymorphic sites (47 non-
homoplastic) showed higher diversity than expected. These results, as well 
as the finding of other STs and Legionella species colonizing the hotel, 
provide evidence that there was a complex community of L. pneumophila 
inhabiting the area previous to the building of the hotel, including a 
population of ST23. Thus, the hotel could have been colonized by different 
STs during its construction and before its opening to the public in 2006. 
Moreover, there was a precedent of legionellosis cases in the period 2006-
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2007 related to the hotel, but no genetic information about the causing strain 
was retrieved at that moment, so further comparisons between both clusters 
cannot be performed.  
 The results derived from the investigation of this outbreak revealed 
that information from both cultured and uncultured samples collected during 
the epidemiological investigation of a complex legionellosis outbreak can be 
essential for its clarification. Moreover, WGS data from an outbreak 
investigation can help, not only to the epidemiological investigation in order 
to detect the main reservoir, but it also allows the application of inference 
tools to trace back the local evolution of the pathogen. The information 
retrieved from this type of analysis can be important for public health officials 
to better understand the local behavior of a pathogen such as L. 
pneumophila, capable of colonizing rapidly several facilities in a complex 
building and remain silently evolving until conditions favor its multiplication 
and spread, resulting in the infection of exposed, susceptible persons.  
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 Legionella pneumophila is a strictly environmental pathogen and the 
etiological agent of legionellosis. It is known that non-vertical processes play 
a major role in the short-term evolution of pathogens but little is known about 
the relevance of these and other processes in environmental bacteria. We 
have used next generation sequencing to obtain nearly complete genome 
sequences of 69 L. pneumophila strains linked to recurrent outbreaks in a 
single location (Alcoy, Spain) along 11 years. Occasionally, genome 
sequences from isolates of the same sequence type (ST) and outbreak did 
not cluster together and were more closely related to sequences from 
different outbreaks. Our analyses reveal that 16 recombination events are 
responsible for almost 98% of the SNPs detected in their core genome and 
an apparent acceleration of the evolutionary rate. These results have 
profound implications for our understanding of microbial populations and for 
public health interventions in Legionella outbreak investigations.  
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Introduction 
 Mutations are the ultimate source of genetic variation. However, not all 
the variants found in an organism directly result from point or structural 
mutations appearing on it or its immediate ancestors. Bacteria have 
developed specific strategies to incorporate and exchange genomic and 
plasmid segments from external sources435–437. Processes of non-vertical 
transmission allow microorganisms to acquire new genes or variants that 
provide new adaptations such as resistance to environmental stresses and 
antibiotics or virulence factors at both long and short time scales438–441. In 
addition, they are major determinants of the rate of adaptive evolution, 
especially under rapidly changing environmental conditions438. Recent 
developments in sequencing and analysis methodologies are providing a 
wealth of information on the genome sequences of many organisms and the 
different processes providing variation at this level. However, most of these 
analyses at the microevolutionary scale have been performed on microbial 
pathogens281,283,284,442–444 and no similar information is yet available on the 
processes occurring outside the human host(s). 
 Legionella pneumophila is an environmental opportunistic bacterium 
that inhabits aquatic and soil environments from where it can colonize 
human-made environments and spread in aerosols infecting susceptible 
persons. It causes Legionnaires’ disease, a potentially fatal form of 
pneumonia, or Pontiac fever, a milder, flu-like disease5 and it is not 
transmissible from person to person. Since its first identification as a 
potential human pathogen82, legionellosis outbreaks have been recurrent in 
many countries103,117,230,337,415,445,446. Legionellosis outbreaks are usually 
studied using the Sequence-based Typing scheme (SBT)215–218, which 
provides a reliable genealogical marker in outbreaks caused by clonal 
strains. However, the genome of L. pneumophila has been shown to be 
!
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highly plastic268, including recombinant regions, genomic islands, 
conjugative elements and insertion sequences244. A recent study with 
complete genomes242 has shown mixed profiles that could result from 
recombination between strains, thus confirming previous results based on 
SBT patterns242,244,267,268. 
 Until now, most studies applying whole-genome sequencing (WGS) to 
molecular epidemiology have focused on the investigation of specific 
outbreaks241,281–284,433,444, the changes after the introduction of new 
vaccines447, or the global spread and transmission of pathogens257,448, but 
limited information is available about the population genomics of strictly 
environmental pathogens such as Legionella. The exchange of genomic 
segments between bacteria could alter the expected clonality in L. 
pneumophila outbreaks and, thus, complicate their investigation. Therefore, 
there is a need for further studies focused on the genome evolution of 
strains from different outbreaks in order to have a real measure of how the 
introduction of new variability can interfere in outbreak investigations.  
 Here, we present a genomic analysis of L. pneumophila strains 
isolated in 13 different outbreaks occurred in Alcoy (Alicante, Spain) from 
1999 to 2010. The peculiar orography of this city, a deep valley almost 
completely enclosed by the surrounding mountains, is considered to 
facilitate the maintenance of aerosol emissions within the urban area. After 
the first cases notified in 1997, more than 200 cases related to legionellosis 
outbreaks were diagnosed during 1999 and 2000415. Since then, the public 
health authorities in this city, affecting a total of 343 patients, have declared 
18 outbreaks. Clinical and environmental strains of L. pneumophila were 
isolated by microbiological methods in 13 of them. A particular L. 
pneumophila variant, identified as sequence type (ST) 578, has been found 
repeatedly as the causing strain of these outbreaks. However, only in 2009 
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was it possible to find this ST in an environmental source related to an 
outbreak117. 
 The persistence of L. pneumophila in the study site offers a unique 
opportunity to analyze an environmental, opportunistic pathogen population 
at the genomic level and, simultaneously, validate WGS as an 
epidemiological tool. By sampling and sequencing the environmental and 
clinical diversity of this pathogen in a region where it can be considered 
endemic over almost 15 years, we are also able of analyzing the factors 
generating genetic variability in natural populations of this bacterium at a 
short time-scale. 
Materials and Methods 
Choice of samples 
 Public health authorities have identified 18 legionellosis outbreaks 
from 1999 to 2010 in the locality of Alcoy (Table S1). They affected from a 
minimum of 3 to a maximum of 97 patients and lasted between 9 and 160 
days. In 13 of the outbreaks in which the pathogen could be isolated by 
microbiological methods, the strain most frequently associated to clinical 
cases was ST578. Apart from one ST578 strain isolated from an evaporative 
condenser in 2004, this profile has only been found in an environmental 
source linked to an outbreak in 2009 (Alcoy 16, Table S1), when it was 
isolated from an asphalt paving machine and a water-tank truck117. The 
remaining ST578 strains used in this study were isolated from sputums or 
bronchoalveolar aspirates from legionellosis patients both in outbreak and 
sporadic cases. Moreover, clinical and environmental ST637 isolates found 
in the outbreak occurred at the end of year 2000 (Alcoy 3) were also 
included in our study because of the close relationship between this 
sequence profile (6, 10, 15, 3, 9, 14, 6) and ST578 (6, 10, 15, 13, 9, 14, 6), 
!
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differing in just 4 SNPs in the mip locus. Additional STs found in 
environmental sources during outbreak investigations in this locality, either 
genetically close to ST578 in the SBT scheme, such as ST51 or ST171, or 
more distant, such as ST1 – a world-wide distributed type of L. pneumophila, 
were also included for analysis (Table S2).  
DNA extraction and sequencing  
 DNA from pure cultures was extracted using a thermal shock 
procedure by repeating twice a two-step incubation of the bacteria for 5 
minutes at 99ºC and 5 minutes at 4ºC. Purification of all DNA samples was 
performed by ethanol precipitation using 3M sodium acetate (pH 5.2). After 
an evaporation step using Savant DNA SpeedVac (Thermo Scientific), DNA 
was resuspended in 1X LowTE (10 mM Tris-HCl and 0.1 mM EDTA, pH 8). 
Quantity and quality of DNA were tested by triplicate using NanoDrop 1000 
(Thermo Scientific) and Quant-iT™ PicoGreen® (Invitrogen). From 1-3 µg of 
DNA were used for 75 bp single-end sequencing with the SOLiD 5500XL 
platform (LifeTechnologies, Applied Biosystems, Carlsbad, CA, USA). 
Reference mapping, SNP calling and genome alignment 
 The 69 strains were mapped against the L. pneumophila 2300/99 
Alcoy236 reference genome (sequence type ST578) with BWA v0.6.2449. 
Unmapped reads were filtered with prinseq-lite v0.19.5 (see URLs) by 
removing all reads with a base quality lower or equal to 15 at base 50. 
Reads passing the filter were assembled using Velvet v1.2.07450 and 
VelvetOptimiser.pl v2.2.5. Sequences in contigs were identified using 
BLAST v2.2.25+451 versus the NCBI nt database. 
 Pileup files were generated for each strain using SAMtools v0.1.18 
and BCFtools and VCFutils within the same package452 were used for SNP 
filtering. The minimum root mean square (RMS) mapping quality for SNPs 
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was set to 25 and the base quality to 20, with a read depth for SNP calling 
within 5 and 250. Consensus variants were assigned from heterozygous 
calls evaluated with LoFreq v0.5453 and were considered for further analyses 
with the homozygous calls. Positions detected as low-frequency variants 
were assigned as indeterminations. A non-redundant list of SNPs was 
retrieved for the 69 strains and used for false-negatives recovery in each of 
them. 
 A draft genome was created for each strain by parsing the pileup files 
created with SAMtools v0.1.18452 using Perl. Constant positions versus the 
reference sequence were called as such and the alternative base was called 
if the polymorphic site had passed the SNP filters described above. A non-
mapped position was called as a gap. The resulting draft genomes were 
reconstructed as collinear to the 2300/99 Alcoy reference sequence. In order 
to create a proper alignment of the 69 new strains and the nine reference 
genomes, the latter were downloaded from GenBank (Paris72 - NC_006368, 
Lens72 - NC_006369, Philadelphia152 - NC_002942, Alcoy236 - NC_014125, 
Corby235 - NC_009494, Lorraine271 - NC_018139, 130b240 - FR687201, 
ATCC43290 - NC_016811 and HL06041035 - NC_018140) and aligned 
using progressiveMauve (MAUVE v2.3.1)274,454. Then a Perl script was used 
to convert the extended multifasta (xmfa) output of MAUVE to traditional 
fasta format by reordering the Locally Collinear Blocks (LCBs) following the 
coordinates of the 2300/99 Alcoy genome. All positions of the alignment that 
were not shared with the reference were removed to provide a collinear 
sequence for each genome to the reference. Finally, the fasta sequences 
from the 69 strains and the 9 references were joined in the same file to 




Phylogenetic inference and genetic variability testing from core genome 
 The core genome of the multiple genome alignment of the 78 strains 
was retrieved by removing sites with gaps with trimAl v1.4455. The resulting 
alignment of 2,448,996 bp containing 140,257 SNPs was used for 
phylogenetic inference by maximum likelihood (ML) using RAxML v7.2.8345 
with the GTRGAMMA model and 1000 bootstrap replicates. 
 Genetic variability within and between groups of samples (by ST, 
outbreak and year of isolation) was assessed from the core genome using 
Variscan v2456. The number of polymorphic sites, number of mutations, 
nucleotide diversity (Pi) and population mutation rate (Theta) were inferred 
using a sliding window of 1,000 effective sites with an overlap of 25%. SNP 
distances between and within groups were computed using MEGA v5.0362 
and R344. 
Bayesian phylodynamic analysis of the ST578 coding core genome 
 Coordinates of the coding sequences of the Alcoy genome (lpa) 
(NC_014125.ptt file) were downloaded from the NCBI FTP web page 
(ftp://ftp.ncbi.nih.gov/genomes/Bacteria) and used with the “ape” R 
package457 to check for the presence or absence of each lpa gene in each of 
the 45 ST578 L. pneumophila strains and sample ID_3164 (SBT-typed as 
ST51), which was also included because of its clustering with ST578 strains. 
Genes covered in at least 80% of their sequences were considered as 
present. 3,120 out of the 3,190 lpa genes were detected as ST578 core, with 
only 70 being auxiliary within this ST. R was also used to extract each of the 
3120 core genes from the initial alignment using coordinates of the lpa 
genome and create a concatenate for further analyses. 
 The existence of temporal information in the data set was tested by 
regression analysis of the root-to-tip distance over time with Path-O-Gen 
178 
v1.4 (see URLs). The demographic history of ST578 samples was studied 
using BEAST v1.8431. Different data sets were used, before and after 
removing recombinant genes (see below). Different demographic (constant 
population size, exponentially growing population, and Bayesian skyline plot) 
and molecular clock (strict, random, and uncorrelated lognormal) models 
were compared by AICM values. For the three demographic models, the 
uncorrelated molecular clock performed substantially better than the 
remaining models. The selection of demographic model was based on the 
comparison of Bayes factors after thermodynamic integration to compute the 
marginal likelihood of each model using path sampling and stepping stone 
methods.  
 The first analysis was performed with the 2,202 polymorphic sites at 
the 3,120-gene coding core genome of the 46 ST578 strains (including the 
lpa reference) and sample ID_3164 (ST51). The GTR substitution model, 
accounting for site heterogeneity with a gamma distribution (4 categories) 
was used for the inference. A Bayesian piecewise-constant skyline model of 
coalescence with 10 groups and an uncorrelated lognormal molecular clock 
were chosen as prior, and 6 parallel chains running for 100,000,000 states 
were used to check for convergence in this dataset sampling by 10,000 
states. A burn-in of 10,000,000 states was applied before checking that all 
ESS for the model parameters in the combined runs were within 100-200. A 
second demographic and evolutionary analysis was performed after removal 
of the genes detected with non-vertical signal of evolution (recombinant 
genes). The concatenated alignment of the 45 SNPs and 2,607,219 non-
polymorphic sites from the remaining 2,688 core genes was also used for 
Bayesian inference as described above but using the HKY model of 




 From the alignment of the ST578 strains and the lpa reference, all 
polymorphic sites were extracted using the seg.sites function from the “ape” 
R package457. Using the coordinates for all 3120-core genes, the total 
number of SNPs per gene was assigned. Mesquite v2.74 (see URLs) was 
used to map the 2,202 SNPs of the 3,120-gene coding core over the 
corresponding Bayesian tree reconstruction and to extract the ancestral 
sequence at each node. Perl and R scripts were applied to process the 
output and make the assignment of the number of SNPs per gene between 
each pair of nodes in the tree. The observed number of polymorphisms in 
each gene in the core genome was compared to a theoretical expectation to 
detect potential signals of recombination or horizontal transfer. Using the 
nomenclature in Cui et al68, the probability of observing a polymorphism at a 
certain location was calculated as m=n/N, where n was the total number of 
SNPs, 2,202 bp, and N was the sum of the gene lengths of the 3,120 genes 
in the coding core genome, 3,012,426 bp. The expected number of SNPs in 
each gene i was computed as m·Li, being L the length of the gene. 
 A phylogenetic approach was used to detect signals of recombination. 
First, genes for which the observed number of SNPs exceeded in more than 
four times the expected number were used for a first round of recombination 
testing. The alignment of each of the 149 detected genes was extracted 
from the concatenate of all the strains and the 9 reference genomes using R 
and a ML tree was reconstructed for each of them using RAxML v7.2.8345 
with the GTRGAMMA model. The alignment and the tree for each gene 
were used for topology testing against the concatenate tree of the 3,120 
genes in the core using TREE-PUZZLE v5.2371 with the GTR model, 16 
categories (maximum) for the gamma distribution of among-sites 
heterogeneity in substitution rates and the frequency of change between 
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each pair of nucleotides extracted from the RAxML output. Although we 
were focused on ST578, external STs were also introduced in this test in 
order to check for transfer events between profiles. The alignment for each 
gene was checked using Perl before running TREE-PUZZLE to remove 
empty sequences (absence of the gene in specific strains) and, for 
comparison purposes, the concatenate tree was modified by removing the 
tips not present in the gene tree using the drop.tip function in the “ape” R 
package457. A command file was created for each gene and TREE-PUZZLE 
was run in batch mode. TREE-PUZZLE output files were parsed with Perl to 
retrieve the p-values given by the Shimodaira-Hasegawa (SH) and Expected 
Likelihood Weight (ELW) tests for both the gene and the concatenate trees. 
Genes that rejected the concatenate tree (p-value < 0.05 in both tests) were 
considered to have a different phylogenetic history than the core, and thus 
were considered as potentially recombinant. A second round of identification 
of genes with a non-vertical signal was performed by re-calculating the 
expected number of SNPs per gene considering the 2,971 genes left after 
the first search. 
 In order to detect recombinant segments, the genomic location and the 
phylogenetic trees of the 247 genes that rejected the concatenated tree after 
the two searching rounds were manually inspected. Isolated genes with <= 2 
SNPs were not considered, whereas consecutive genes that were detected 
as significant by TREE-PUZZLE and whose trees were consistent with the 
genetic exchange with other STs within our dataset were considered a 
recombinant segment. 185 extra genes present within those segments but 
not detected as recombinant by the phylogenetic approach described above 
were also included. Results were compared to the recombination detection 




 We obtained nearly complete genome sequences for 69 L. 
pneumophila strains using SOLiD 5500XL. These strains were obtained 
from clinical and environmental sources in the investigation of outbreak and 
sporadic cases in Alcoy between 1999 and 2010 (Tables S1 and S2). Most 
of the isolates (n=45) corresponded to ST578, the same profile as the 
reference strain (L. pneumophila str. 2300/99 Alcoy, NC_014125)236. The 
average number of reads retrieved per strain was 4,700,318 (range 
[1,872,888-42,874,666]) and the mapping step yielded an average per base 
coverage of 88.2X and an average mapping percentage of the positions of 
the reference genome of 96.2% (Table S2). 
Overlapping diversity between outbreak and non-outbreak strains 
 Firstly, we explored the inter- and intra-ST SNP distances at the 
genomic level for the three most abundant STs (ST578, ST1, and ST637). 
For all cases, inter-subtype distances were substantially larger and 
practically did not overlap with intra-subtype differences (Fig. S1A). In 
general, the distance computed from the seven SBT loci is a good predictor 
of the inter-ST distance from complete genome sequences (Pearson’s r = 
0.90, p-value < 2.2E-16, Fig. S2). 
 At the intra-ST level we noticed that the average number of 
polymorphic sites in the whole genome was highly variable among STs. 
However, this was not related to sample size, with the least abundant of the 
three STs considered, ST1 and ST637, presenting an average of 2,294 and 
1,626 SNPs in pairwise comparisons, whereas ST578, the most abundant in 
this dataset, presented an average of 424 SNPs between pairs of isolates 
(Fig. S1B and S3). 
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 Next, we investigated whether this high intra-ST variability was also 
observed between strains assigned to the same outbreak, which are 
expected to be almost identical genetically. The analysis of ST578 revealed 
no significant differences in the genomic distance within and between 
outbreak strains (Wilcoxon rank-sum test, p-value = 0.54). The average 
number of SNPs in the core genome between ST578 isolates from different 
outbreaks was 594 (range 5-1,807) whereas the average number of SNPs 
between isolates from the same outbreak was 652.5 (range 6-1,760) (Fig. 
1). 
 
Figure 1 | Distribution of the number of pairwise SNP distances in the core genome 
between and within L. pneumophila strains from 13 different outbreaks occurred in 
Alcoy (Spain) between 1999 and 2010. Inter-outbreak distances are shown in grey 
and intra-outbreak comparisons are represented in different colours (see legend). 
 The overlap in diversity between outbreak and non-outbreak strains 
was also reflected in the phylogenetic relationships of these strains (Fig. 2). 
The evolutionary relationships of isolates within ST578 revealed two 
interesting observations. Firstly, isolates from the same outbreak do not 
define monophyletic groups and are even found quite distantly placed within 
the ST578 cluster, thus explaining the previously noted overlapping diversity 
between outbreak and non-outbreak strains. Secondly, clinical and 
environmental isolates of this ST clustered in two well-defined, highly 













 Interestingly, strains isolated in outbreaks from 1999 to 2004 clustered 
only in sublineage A, whereas isolates from posterior outbreaks (2009 and 
2010) clustered in both sublineages, which is reflected as an increase in the 
genetic variability of the strains in the later outbreaks (Fig. S4A) and, in 
consequence, over time (Fig. S4B). These results indicate that the 
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Figure 2 | Maximum likelihood phylogenetic reconstruction of the core genome 
(2,448,996 bp) of 69 strains of L. pneumophila and 9 reference genomes. Tip 
colours represent isolates either related epidemiologically to different outbreaks or 
sporadic cases (see legend). Environmental isolates are shown in italics and red 


























population dynamics of this ST has been changing in this location over the 
time period considered. The fact that clinical strains from the same outbreak 
clustered in two different sublineages within ST578 suggests that the current 
SBT has not enough resolution to firmly establish the source of a Legionella 
outbreak when there is a substantial amount of underlying environmental 
diversity.  
Recombination accounts for most of the observed diversity 
 To study the phylodynamics of L. pneumophila ST578 strains in Alcoy, 
we used a Bayesian analysis to fit a demographic model and calibrate a 
molecular clock (Fig. 3 and Table S3) using the isolation dates as prior 
information (Fig. S5A). For this, we firstly analyzed the core coding genome 
sequence (3,120 genes, 3,046,296 bp including 2,202 SNPs) of all the 
available ST578 strains (41 clinical, including the reference strain 2300/99 
Alcoy, and 5 environmental isolates). We also included isolate ID_3164, 
previously typed as ST51 but included in the ST578 cluster (Fig. 2). The 
comparison of different combinations of demographic and molecular clock 
models led us to select a relaxed molecular clock (uncorrelated lognormal) 
and a Bayesian Skyline-plot demographic model as the best combination to 
analyze these data (Table S3). The maximum clade credibility trees shown 
in Fig. 3 were obtained after checking the convergence of six independent 
runs and achieving ESS > 200 for all the parameter estimates in the model. 
The mean evolutionary rate at the core genome of ST578 was estimated to 
be of 8.02E-6 (95% HPD interval 3.69E6 - 1.33E-5) nucleotide substitutions 
per site per year (s/s/y), accounting for 24.43 changes per year. Similar 
estimates of the evolutionary rate were obtained with the multiple alignment 
of the core genome including all the invariant sites (mean = 6.41E-6, 95% 







Figure 3 | (A) Bayesian Maximum Clade Credibility tree estimated using BEAST 
(Bayesian skyline demographic model and uncorrelated lognormal molecular clock) 
with prior temporal information (isolation dates) from the 2,202 SNPs in the coding 
core genome of ST578 strains (3120 genes). The colour gradient in the branches 
represents the median substitution rates, orange squares are recombination events 
and coloured dots represent the associated metadata (see legend). (B) The same 
tree obtained from the core genome (2,607,264 bp, 45 SNPs, 2,688 genes) after 
removal of SNPs and genes involved in the detected recombination events. 
 However, long terminal branches were found for most isolates as well 
as a wide range of substitution rates per branch (1.04E-7 – 5.46E-5 s/s/y), 
especially in five of them (Fig. 3 and Fig. S6). Polymorphisms at the core 
genes were mapped in these five branches revealing a non-random 
distribution of SNP densities (Fig. 4), with polymorphisms accruing in 
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clusters of nearby genes, thus suggesting recombination or horizontal gene 
transfer. To test for non-vertical signals and to estimate the possible effect of 
this evolutionary force in L. pneumophila ST578 isolates, the expected 
number of SNPs for all core genes, assuming a random distribution along 
the genome, was calculated and compared to the observed ones (Fig. S7). 
175 genes exceeded in more than four times the expected values (Table S4) 
and were subjected to a topology testing analysis comparing each gene tree 
with that obtained from the concatenated alignment of the 3120 core genes.  
 The 247 genes with evidence of recombination were removed from the 
genome alignment, as well as 185 extra loci that were interspersed among 
these genes and which contained 125 SNPs, 95 of them on branch B1 (Fig. 
3), thus leaving a core of 2,688 non-recombining genes (2,607,264 bp, 45 
SNPs). BEAST was re-run with the same prior parameters, as well as the tip 
dating information (Fig. S5B), and the mean evolutionary rate for the non-
recombining core was estimated to be 1.39E-7 s/s/y (95% HPD interval = 
5.41E-8 - 2.30E-7), with a per branch range of 4.29E-8 – 1.88E-7 s/s/y (Fig. 
!
 
Figure 4 | SNP density per core gene in the five highlighted branches of the tree. 
Colours represent the different branches. 
!
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3 and S6). These estimates support an accumulation of 0.39 polymorphisms 
per year in the core genome of L. pneumophila ST578 merely due to 
nucleotide substitutions (2.04 % of the total variability found), with almost 
98% of the total variability resulting from non-vertical inheritance. After 
removing the mentioned 432 genes involved in recombinant regions, the 45 
SNPs left were located in 42 loci, two of which (lpa_02547 and lpa_03967) 
had 3 and 2 SNPs respectively, and accumulated on three of the previously 
studied branches (Fig. S9 and Table S5). 
 As the distribution of SNPs in the core genome of L. pneumophila 
ST578 was found to be highly concentrated at some points (Fig. 4), the 
number of SNPs per gene in the core was obtained on a per branch basis 
(Fig. S10). Results confirmed that many polymorphisms accumulated in 
consecutive genes in the five branches discussed above, most of them in 
short periods of time, and could be grouped in 16 recombination events (Fig. 
3 and Table S6). These events include genes involved in housekeeping 
functions, such as cell membrane biogenesis (COG category M) or 
metabolic reactions (i.e. COG category C) but also in others that could be 
related to virulence, such as defense mechanisms (COG category V) (Fig. 
S11). Specifically, the branch that separates ST578A and ST578B (B1), 
presented 6 independent potential recombination events (A-F) with lengths 
ranging from 6.9 to 141 kb and which included 899 of the 939 SNPs 
(95.74%) found to have accumulated in this branch. 
 According to our previous dating for the colonization of ST578 in the 
Alcoy area, these events should have occurred during approximately 15 
years, and included the incorporation into lineage ST578B of SNPs in genes 
with many diverse functions, including genes involved in virulence, DNA 
damage repair and mutagenesis (Fig. S11). Interestingly, the branches 
leading to the most recent outbreak strains (2009 and 2010) show 
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convergence for genes involved in two recombination events (F and J, Fig. 
3). Both events included a set of 14 genes encoding different subunits of the 
NADH dehydrogenase type I. 
 Phylogenetic analyses show that the donor strains for most of the 
genes involved in the recombination events clustered with different STs of 
the main clade of the ML tree containing profiles close but external to ST578 
or ST637 (Fig. S8). The recombinant genes and regions inferred here were 
compared to those detected by the method described in Croucher et al443. 
With this method, the final number of SNPs retained for the non-recombining 
core genome was 84. We compared the coordinates of both sets of SNPs 
and 31 of them were coincident for both methods (Table S7). The 14 SNPs 
unique to our method correspond to genes that were not detected as 
statistically significant by the ELW and SH methods or were not present 
within the 16 recognized recombinant regions. The 53 SNPs unique to 
Croucher’s method corresponded to mutations in genes with a non-
significant change in topology and not detected as recombinant in all their 
length, so only a partial region was removed. The 16 recombination regions 
were also detected by this method along with other 5 fragments (Table S7) 
that were not removed by our pipeline because they were detected as 
isolated, with non-evident accumulation of SNPs over specific branches and 
with no phylogenetic incongruence of the corresponding gene trees versus 
the core genome tree. Thus, the method described in this paper is more 
conservative than that in Croucher et al443, as it also incorporates a 
phylogenetic approach. 
Genomic epidemiology of ST578 outbreaks in Alcoy 
 According to Bayesian analyses of the non-recombining core genome, 
ST578 colonized Alcoy around 1990 (95% highest posterior density (HPD) 
!
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intervals ranging [1973.2-1998.6]) (Fig. 3 and Fig. S12). From the initial 
colonizers, ST578A started to expand a few years later, in agreement with 
the explosion of clinical cases in 1999. From the complete core genome, 
ST578B, which only includes cases of the two outbreaks occurred in 2009 
and 2010, was estimated to have started diverging from its MRCA 
approximately in 2005 (95% HPD interval 2002.1-2007.5) (Fig. 3). The 
remaining clinical and environmental samples from outbreaks occurred in 
2009 and 2010 clustered in clades derived from the ST578A lineage and 
their MRCA was estimated to have emerged around 1991 (95% HPD 
interval 1986.7 - 1998.3). 
 The diversity of Legionella in Alcoy also reflects the effectiveness of 
control measures implemented by public health authorities and roughly 
correlates with the number of cases, as shown by the results from the 
Bayesian skyline analysis (Fig. 5). Although stringent control measures were 
adopted since the first legionellosis outbreaks (Table S1), it was not until 
2006-2008 that most high-risk facilities were completely removed from the 
urban area. This was reflected in a decrease in the number of cases during 
that period along with a decrease of diversity mainly in strains of sublineage 
A. However, almost simultaneously, a sharp increase in bacterial diversity 
was observed (Fig. 5). A previous study117 revealed that an asphalt paving 
machine had been responsible for the 2009 outbreak (Alcoy16, Table S1). 
This machine used a water source colonized by ST578 located outside the 
city limits and not subjected to the usual control measures. Hence, we 
hypothesize that the original bacterial population (designated ST578A) was 
largely eliminated during the removal of urban risk facilities and that the 
increase observed in the skyline plot was due to the introduction of new 
colonizers from alternative, uncontrolled sources outside the city. The 
skyline plot clearly shows that new diversity was introduced in Alcoy around 
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2005 and, since then, the corresponding strains have further diversified 
probably outside the city limits and in unconventional facilities, thus escaping 
from the control measures adopted. This diversification is strongly correlated 
with an increase in the number of cases, from almost none in 2008 to about 
50 in 2009, also coincident with the peak of maximum diversity observed in 
the skyline (Fig. 5). 
!
Figure 5 | Demographic dynamics of ST578 strains. The Bayesian skyline shows 
the demographic changes as the effective population size (Ne) per generation time 
(t). The grey bar plot represents the total number of clinical cases of legionellosis in 
1997-2010 in the Alcoy area.!!
Discussion 
 We have performed a whole-genome sequence analysis of L. 
pneumophila strains isolated in a single locality throughout a period in which 
they have caused 18 outbreaks, with 343 infected patients, and several 
sporadic cases. From a public health perspective, our aim was to assess the 
utility of WGS in outbreak investigations in the case of a strictly 
environmental pathogen for which human infection is a dead-end. From an 
!
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evolutionary perspective, we wanted to measure the impact of different 
evolutionary forces in shaping the genetic diversity in a population of this 
environmental pathogen during a short period of time.  
 Whole genome epidemiology of the 13 outbreaks and sporadic cases 
analyzed has revealed a non-clonal relationship among isolates 
epidemiologically linked to the same outbreak, with overlapping distances 
between and within outbreaks (Fig. 1) and the occurrence of at least 16 
recombination events in five different branches during the short-term 
evolution of the ST578 strains sampled in Alcoy (Spain) from 1999 to 2010 
(Fig. 3 and Table S6). These results differ markedly from other recent 
genomic epidemiology studies in which WGS has been applied to analyze 
specific outbreaks or the global tracking of person-to-person transmitted 
pathogens283,284,444. However, there are very few studies on environmental 
pathogens and they correspond to organisms that have different natural 
history characteristics than L. pneumophila, such as Mycobacterium 
abscessus286 or Vibrio cholerae442. Most such analyses reveal an almost 
complete genomic identity among isolates from the same outbreak, whereas 
our analyses of legionellosis outbreaks indicate that they may be caused by 
different strains infecting susceptible people simultaneously when 
environmental conditions are appropriate. 
 The genetic diversity of L. pneumophila ST578 in Alcoy has been 
increasing since the first strains were isolated in 1999. From the initial 
colonizers, ST578 started diverging approximately in 1990 in two 
sublineages, A and B. The persistence and evolution of Legionella in Alcoy 
could be explained by the permanent colonization of difficult-to-reach spots 
from where the bacteria cannot be removed as well as by migration from 
external sources117. This indicates that an outbreak can be originated from a 
single physical source and not necessarily involving recently diverged (i.e., 
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clonal) strains of L. pneumophila. At the same time, the analysis of bacterial 
diversity over time seems to be a good marker of the effectiveness of control 
measures (Fig. 5), as it can reveal the existence of uncontrolled diversity 
that can lead to new clinical cases117. 
 Several studies242,244,268 have described the plasticity of the Legionella 
genome, in which recombination, horizontal gene transfer and convergent 
evolution play a highly relevant role244. These events may have an impact on 
the SBT approach242,267, with potential consequences in outbreak 
investigations because they may create paraphyletic groups. One example 
is described in this work, with a ST578 isolate assigned to ST51 (strain 
ID_3164) because of the transfer of a mip allele from a different group (Fig. 
2). 
 Rapid adaptation of bacterial populations can result from an increased 
availability of genetic variation. The presence of hyper-recombination in 
bacterial populations has been described sporadically, entailing important 
consequences458–460. For instance, Streptococcus pneumoniae has adapted 
rapidly to changing environmental conditions through genomic changes 
brought about by recombination events443. Here, we present evidence that 
during a short period of time, about 20 years, recombination has played a 
major role in introducing genetic variation in L. pneumophila populations, 
leading to a higher than 10-fold difference in the substitution rates compared 
to those obtained only from mutation. The dead-end nature of Legionella 
infection implies that these recombination events have occurred in the 
environment and are not linked to increased selective pressures in the 
infected patients. 
 The magnitude of recombination in the L. pneumophila ST578 
population of Alcoy can be highlighted by comparing the observed number 
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of SNPs introduced in the core genome by 16 recombination events 
(2,157/2,202, 97.96%) during approximately 20 years with the equivalent 
figures in a world-wide sample of 240 S. pneumoniae isolates 
(50,720/57,736, 88% from 702 events)443. Previous analyses using MLST 
data show a wide range of estimates for the ratio of probabilities that a base 
change occurs by recombination or mutation (per site r/m rate) over different 
bacteria and archaea, from 0.02 in Leptospira interrogans461 to 63.6 in 
Flavobacterium psychrophilum270,462. In the case of L. pneumophila, a 
previous study using SBT data showed a recombination rate of 0.9267 and a 
recent work showed an estimate of 16.8 for the L. pneumophila SBT 
database242. However, the genomic data from the present study, which is the 
first one up to our knowledge showing a genomic estimate of the 
recombination rate for a single population of L. pneumophila, suggest a 
higher per site r/m = 47.93, calculated using the number of SNPs introduced 
by recombination and mutation (2,157/45). Croucher et al443 also detected 
an important difference in the per site r/m estimate of S. pneumoniae using 
genomic data (r/m = 7.2) from a previous study focused on MLST data (r/m 
= 23.1)463. 
 The observed recombination events in the L. pneumophila ST578 
population spanned an average of 35.7 kb, with a maximum size of 141 kb. 
Large recombination events have been described in other bacteria, such as 
Streptococcus agalactie, with exchanged regions detected between 21 to 
>300 kb464, as well as in Clostridium difficile, with imports ranging from 9 to 
170 kb465. The authors of these studies point at chromosomal mobilization 
as a consequence of integrated mobile elements as the mechanism for 
these large replacements. We have found several regions usually 
associated to genome mobility in these recombining regions (Table S6) but 
we cannot postulate any specific mechanism. It is not possible yet to 
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evaluate how common is recombination in other L. pneumophila populations 
but this phenomenon deserves further attention given its potential public 
health importance and impact on the biology of the bacteria. Within these 
recombinant regions, we have observed convergent events in different 
branches of the ST578 phylogeny affecting nuoG, a host cell apoptosis 
inhibitor in M. tuberculosis466–468. Experimental data will be needed to show 
whether these acquisitions provide a selective advantage during replication 
in macrophages. If this is the case, strains harboring these variants should 
be actively screened to prevent future outbreaks in the locality. 
 The direct inference of recent recombination events overcomes many 
of the difficulties usually encountered when analyzing bacterial populations 
in search for genetic exchanges. Other evolutionary processes, such as 
selection and genetic drift, might act after such events obscuring or 
completely removing their presence in a given population. In the case of L. 
pneumophila, we have shown that accelerated evolution in the environment 
is linked to recombination events. If the relative contribution of recombination 
in the generation of genetic variation in a population revealed in these 
analyses is confirmed for other bacterial populations and species, we must 
conclude that the adaptive and evolutionary relevance of recombination for 
bacteria is even higher than previously appreciated469. This can have 
profound implications for our general understanding of bacterial populations 
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SOLiD genetic data have been deposited in the European Nucleotide Archive (ENA) 
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Table S1 | Alcoy outbreaks. Detailed clinical and environmental information about the outbreaks taken place in Alcoy in 
the period 1999-2010. 
Outbreak information Clinical information 
Environmental information 






























100 8.30 28 6 
!
Source: Unknown. L. 
pneumophila isolated in 
cooling towers in the same 
municipality, but of different 
strain to those in clinical 
cases. 
Control measures: 
Disinfection of cooling towers 
positive for L. pneumophila 
Chlorine level in distal 
points: 0.5 ppm. 
 
ALCOY 2 






63.60 0 11 2 
!
Source: Unknown. L. 
pneumophila was isolated in 
three refrigeration towers but 
the strain was different to the 
clinical isolates. 
Control measures: Cleaning 
and disinfection of L. 
pneumophila-positive 
refrigeration towers. 
Chlorine level in distal 


















86.46 7.20 97 10 
Source: Unknown. Four 
refrigeration towers were 
positive by culture. 
Control measures: 
Searching and control of risk 
facilities: 11 refrigeration 
towers were closed, 9 sealed 
and 2 under protocoled 
working. 
Chlorine level in distal 
points: 1.5-2 ppm. 
 




100 20 5 2 
!
Source: Unknown. All 194 
environmental samples were 
negative. 
Control measures: Active 
searching of risk facilities: 63 
found. 
Chlorine level in distal 
points: 1.5 ppm. 
 






100 0 9 1 
!
Source: Unknown. 
Suspected saturation central 
and evaporative condenser 
in the urban area that were 
positive by PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facilities positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 
 






80 0 5 0 
Source: Unknown. 
Suspected humidifier central 
in the urban area that was 
positive by PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facility positive for L. 
pneumophila. 
Chlorine level in distal 










91.70 0 12 0 
!
Source: Unknown. Four 
suspected evaporative 
condensers in the urban area 
positive by PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facilities positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 










condenser in the urban area 
that was positive by PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facility positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 
ALCOY 9 






100 0 4 0 
Source: Unknown. Negative 
results by culture and PCR 
from the 50 risk facilities 
sampled during the 
environmental investigation. 
Control measures: Cleaning 
and disinfection of one risk 
facility with poor 
maintenance. Sealing of 
another inaccessible risk 
installation. 
Chlorine level in distal 






















condenser positive by PCR. 
One culture was retrieved 
from a refrigeration tower 
and the serogroup was 
different to that of the clinical 
isolates. 
Control measures: Cleaning 
and disinfection of the risk 
facilities positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 






100 9.70 31 6 
!
Source: Unknown. Two 
suspected evaporative 
condensers in the urban area 
were positive by PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facilities positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 






100 25 12 2 
Source: Unknown. Two 
saturation centrals and 3 
evaporative condensers were 
positive in the urban area by 
PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facilities positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 
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92 0 12 3 
!
Source: Unknown. One 
suspected saturation central 
and 5 evaporative 
condensers in the urban area 
by PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facilities positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 






92 0 27 6 
Source: Unknown. 
Suspected illegal saturation 
central in the urban area 
positive by PCR. 
Control measures: Closing 
and sealing of the illegal 
installation. 
Chlorine level in distal 






























Source: Unknown. Two 
suspected evaporative 
condensers positive by PCR. 
Control measures: Cleaning 
and disinfection of the risk 
facilities positive for L. 
pneumophila. 
Chlorine level in distal 
points: 1.5 ppm. 














100 9 11 2 
!
Source: Confirmed source. 
Isolation of L. pneumophila 
from an auxiliary paving 
machine in the urban area. 
Control measures: Paving 
procedures in the urban area 
of Alcoy were protocoled. 
Chlorine level in distal 
points: 1-1.5 ppm. 






86 0 22 4 
Source: Unknown. An 
auxiliary paving machine in 
the urban area was positive 
by PCR. 
Control measures: Paving 
procedures in the urban area 
of Alcoy were protocoled. 
Chlorine level in distal 
points: 1-1.5 ppm. 






75 0 16 6 
Source: Unknown. Two car 
washing machines in the 
urban area were positive by 
PCR. 
Control measures: Protocol 
and control of car washing 
machines in the urban area. 
Chlorine level in distal 





Table S2 | Strains used in the study with geographical and temporal data. 
Sequencing and mapping statistics are also shown. 
 Strain information Sequencing statistics Mapping statistics 









ID_2301 578 C 1999 Alcoy1 Patient 6,820,701 145.48 3,486,056 99.85 
ID_2376 578 C 1999 Alcoy1 Patient 2,912,596 62.12 1,479,667 99.70 
ID_2423 1037 E 1999 Alcoy1 Food industry 3,799,441 81.04 1,778,657 90.66 
ID_2680 578 C 2000 Alcoy1 Patient 3,290,621 70.19 1,776,035 99.78 
ID_2947 1 E 2000 Alcoy2 Textile industry 5,339,318 113.88 2,083,691 85.04 
ID_2948 1 E 2000 Alcoy2 Rubber factory 4,960,979 105.81 1,887,559 85.94 
ID_2949 328 E 2000 Alcoy2 Food industry 4,995,195 106.54 2,390,175 92.13 
ID_3019 15 C 2000 Alcoy2 Patient 3,630,880 77.44 1,180,121 79.31 
ID_3009 578 C 2000 Alcoy2 Patient 4,156,412 88.65 2,272,409 99.82 
ID_3164 51 E 2000 Alcoy3 Textile factory 3,753,666 80.06 1,992,072 99.77 
ID_3108 578 C 2000 Alcoy3 Patient 3,370,906 71.90 1,745,193 99.77 
ID_3109 578 C 2000 Alcoy3 Patient 3,731,005 79.58 1,859,651 99.77 
ID_3110 578 C 2000 Alcoy3 Patient 3,326,900 70.96 1,708,208 99.71 
ID_3355 578 C 2000 Alcoy3 Patient 3,502,645 74.71 1,750,520 99.72 
ID_3201 637 E 2000 Alcoy3 Coffee-shop 5,885,756 125.54 2,793,448 94.25 
ID_3215 637 C 2000 Alcoy3 Patient 4,377,547 93.37 1,998,822 94.24 
ID_3216 637 C 2000 Alcoy3 Patient 4,373,652 93.29 1,937,986 94.16 
ID_3238 637 C 2000 Alcoy3 Patient 4,668,595 99.58 2,075,840 94.25 
ID_3334 637 C 2000 Alcoy3 Patient 3,170,486 67.62 1,425,610 94.35 
ID_3785 578 C 2001 Alcoy4 Patient 3,045,636 64.96 1,642,859 99.68 
ID_3908 578 C 2001 Alcoy4 Patient 9,812,615 209.29 5,257,572 99.20 
ID_479 171 E 2001 Sporadic Evaporative condenser 9,084,712 193.77 3,776,087 92.76 
ID_3499 578 C 2001 Sporadic Patient 3,913,063 83.46 1,948,733 99.75 
ID_3786 578 C 2001 Sporadic Patient 3,145,379 67.09 1,586,204 99.65 
ID_482 804 E 2001 Sporadic Evaporative condenser 5,481,713 116.92 2,131,507 94.32 
ID_5856 578 C 2002 Alcoy5 Patient 4,428,053 94.45 2,439,109 99.77 
ID_6536 578 C 2002 Alcoy7 Patient 3,981,736 84.93 1,996,436 99.73 
ID_891 1 E 2002 Alcoy9 Evaporative condenser 3,879,116 82.74 1,355,236 87.96 
ID_598 1 E 2002 Sporadic Common industry 3,853,598 82.19 1,374,001 85.04 
ID_5228 578 C 2002 Sporadic Patient 4,194,459 89.46 2,113,916 99.72 
ID_8141 578 C 2003 Alcoy11 Patient 3,071,569 65.51 1,474,690 99.02 
ID_8189 578 C 2003 Alcoy11 Patient 3,609,695 76.99 1,863,426 99.72 
ID_8190 578 C 2003 Alcoy11 Patient 4,445,909 94.83 2,122,688 99.73 
ID_8227 578 C 2003 Alcoy11 Patient 4,984,637 106.32 2,415,038 99.78 
ID_8228 578 C 2003 Alcoy11 Patient 2,339,945 49.91 1,254,560 99.56 
ID_7147 578 C 2003 Alcoy8 Patient 2,412,556 51.46 1,176,194 99.49 
ID_7371 578 C 2003 Sporadic Patient 4,333,690 92.43 2,140,499 99.73 
ID_8004 578 C 2003 Sporadic Patient 3,588,458 76.54 1,794,573 99.66 
ID_1688 1 E 2004 Sporadic Evaporative condenser 4,735,698 101.01 1,699,719 85.03 
ID_1690 1 E 2004 Sporadic Evaporative condenser 4,491,561 95.80 1,681,617 84.68 
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ID_1828 1 E 2004 Sporadic Evaporative condenser 5,488,079 117.06 1,875,822 85.96 
ID_1925 578 E 2004 Sporadic Evaporative condenser 6,963,114 148.52 2,965,178 99.17 
ID_1885 1037 E 2004 Sporadic Evaporative condenser 4,178,489 89.12 1,897,431 91.82 
ID_2041 1 E 2005 Alcoy12 Water-treatment plant 7,145,529 152.41 1,868,438 89.19 
ID_747970 1 E 2009 Alcoy16 Milling machine 3,341,834 71.28 1,204,865 85.58 
ID_480203 578 C 2009 Alcoy16 Patient 3,016,217 64.33 1,392,000 99.37 
ID_480295 578 C 2009 Alcoy16 Patient 3,763,446 80.27 1,916,349 99.00 
ID_480372 578 C 2009 Alcoy16 Patient 4,010,993 85.55 1,875,862 99.05 
ID_480392 578 C 2009 Alcoy16 Patient 3,800,877 81.07 1,914,090 99.47 
ID_747968 578 E 2009 Alcoy16 Water tanker truck hose 4,241,659 90.47 1,900,993 99.52 
ID_747969 578 E 2009 Alcoy16 Milling machine 3,370,204 71.88 1,654,536 99.46 
ID_747973 578 E 2009 Alcoy16 Water tanker truck 3,521,351 75.11 1,662,718 98.98 
ID_481107 578 C 2009 Alcoy17 Patient 4,411,214 94.09 1,971,516 99.04 
ID_481441 578 C 2009 Alcoy17 Patient 3,412,628 72.79 1,470,833 98.78 
ID_481707 578 C 2009 Alcoy17 Patient 4,377,335 93.36 1,971,991 99.53 
ID_481710 578 C 2009 Alcoy17 Patient 3,767,135 80.35 1,596,371 99.01 
ID_480263 578 C 2009 Sporadic Patient 4,163,980 88.81 1,756,725 99.47 
ID_481898 578 C 2009 Sporadic Patient 4,160,472 88.74 1,796,481 99.45 
ID_481944 578 C 2009 Sporadic Patient 2,351,921 50.16 1,043,015 98.68 
ID_1190176 578 E 2010 Alcoy18 Industry 1,872,888 39.95 930,577 98.71 
ID_489571 578 C 2010 Alcoy18 Patient 3,423,481 73.02 1,490,117 99.37 
ID_489956 578 C 2010 Alcoy18 Patient 2,605,865 55.58 1,038,359 98.61 
ID_490679 578 C 2010 Alcoy18 Patient 42,874,666 914.48 17,951,594 99.39 
ID_490738 578 C 2010 Alcoy18 Patient 2,301,664 49.09 899,430 98.47 
ID_489154 578 C 2010 Sporadic Patient 3,474,178 74.10 1,423,550 99.38 
ID_490456 578 C 2010 Sporadic Patient 3,274,422 69.84 1,329,070 98.69 
ID_6885 1 E 2011 Sporadic Hospital 4,643,468 99.04 1,107,769 84.94 
ID_505237 637 C 2011 Sporadic Patient 3,787,466 80.78 1,282,246 94.44 
ID_496053 1106 C 2011 Sporadic Patient 3,676,290 78.41 1,509,852 96.24 
!
 
Table S3 | Comparison of parameter estimates and AIC values among combinations of demographic (constant population size, 
exponential growth and Bayesian skyline-plot) and molecular clock (strict, random and uncorrelated log-normal, ULN) models for 




Constant Exponential BSP (5 populations) 





7.60E-08 8.43E-08 9.73E-08 7.82E-08 8.28E-08 1.15E-07 8.09E-08 1.05E-07 1.42E-07 























































































































































































Table S4 | Summary of phylogenetic incongruence tests. For each gene in the L. 
pneumophila ST578 core genome with 4X (round 1) or 3X (round 2) more SNPs 
than expected we compared the phylogenetic tree obtained from the corresponding 
multiple alignment and that obtained from the concatenate alignment of the 3,120 
genes using the Shimodaira-Hasegawa (SH) and Expected Likelihood Weight 
(ELW) tests implemented in TreePuzzle. P-values for these tests are shown per 
gene (L. pneumophila 2300/99 Alcoy) in the table, and lack of congruence was 
assumed when both tests were significant at the p<0.05 level. 
Gene Round SH_gene SH_concat ELW_gene ELW_concat Incongruence? 
lpa_00090 1 1.0000 0.0110 1.0000 0.0000 YES 
lpa_00150 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_00191 2 1.0000 0.2150 0.7160 0.2840 NO 
lpa_00263 2 1.0000 0.0840 0.8993 0.1007 NO 
lpa_00274 2 1.0000 0.0500 0.9500 0.0500 NO 
lpa_00411 2 1.0000 0.2480 0.6326 0.3674 NO 
lpa_00441 2 1.0000 0.0240 0.9866 0.0134 YES 
lpa_00476 2 1.0000 0.0270 0.9915 0.0085 YES 
lpa_00673 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_00835 2 1.0000 0.0450 0.9913 0.0087 YES 
lpa_00882 2 1.0000 0.0140 0.9994 0.0006 YES 
lpa_00900 2 1.0000 0.0110 0.9915 0.0085 YES 
lpa_00907 2 1.0000 0.1990 0.7577 0.2423 NO 
lpa_00908 2 1.0000 0.0700 0.9733 0.0267 NO 
lpa_00908 1 1.0000 0.0590 0.9697 0.0303 NO 
lpa_00909 2 1.0000 0.0880 0.9238 0.0762 NO 
lpa_00913 2 1.0000 0.0230 0.9923 0.0077 YES 
lpa_00918 2 1.0000 0.0660 0.9881 0.0119 NO 
lpa_00918 1 1.0000 0.0610 0.9881 0.0119 NO 
lpa_00924 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_00927 1 1.0000 0.0080 1.0000 0.0000 YES 
lpa_00928 1 1.0000 0.0180 0.9994 0.0006 YES 
lpa_00932 1 1.0000 0.0280 0.9901 0.0099 YES 
lpa_00934 2 1.0000 0.0720 0.9030 0.0970 NO 
lpa_00938 1 1.0000 0.0130 0.9997 0.0003 YES 
lpa_00939 1 1.0000 0.0380 0.9990 0.0010 YES 
lpa_00941 2 1.0000 0.0230 0.9993 0.0007 YES 
lpa_00943 2 1.0000 0.0800 0.9664 0.0336 NO 
lpa_00945 2 1.0000 0.3450 0.6001 0.3999 NO 
lpa_00946 2 1.0000 0.0440 0.9795 0.0205 YES 
lpa_00948 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_00949 1 1.0000 0.0110 0.9999 0.0001 YES 
lpa_00951 1 1.0000 0.2420 0.7164 0.2836 NO 
lpa_00951 2 1.0000 0.2240 0.7428 0.2572 NO 
lpa_00952 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_00953 1 1.0000 0.0140 0.9992 0.0008 YES 
lpa_00954 1 1.0000 0.0240 0.9821 0.0179 YES 
lpa_00955 1 1.0000 0.0080 0.9973 0.0027 YES 
lpa_00958 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_00960 2 1.0000 0.0030 0.9995 0.0005 YES 
lpa_00968 2 1.0000 0.0600 0.9922 0.0078 NO 
lpa_00970 1 1.0000 0.0040 1.0000 0.0000 YES 
!
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lpa_00971 1 1.0000 0.0070 0.9999 0.0001 YES 
lpa_00972 1 1.0000 0.0100 0.9998 0.0002 YES 
lpa_00973 2 1.0000 0.2090 0.7475 0.2525 NO 
lpa_00974 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_00975 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01005 2 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01025 1 1.0000 0.0120 0.9990 0.0010 YES 
lpa_01027 2 1.0000 0.1760 0.8280 0.1720 NO 
lpa_01027 1 1.0000 0.1740 0.8032 0.1968 NO 
lpa_01031 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01032 2 1.0000 0.0150 0.9991 0.0009 YES 
lpa_01034 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01040 2 1.0000 0.0200 0.9940 0.0060 YES 
lpa_01129 2 1.0000 0.0720 0.9736 0.0264 NO 
lpa_01146 1 1.0000 0.0960 0.9224 0.0776 NO 
lpa_01146 2 1.0000 0.0940 0.9235 0.0765 NO 
lpa_01183 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01184 1 1.0000 0.0060 1.0000 0.0000 YES 
lpa_01186 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01196 2 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01207 1 1.0000 0.0040 1.0000 0.0000 YES 
lpa_01210 1 1.0000 0.0030 1.0000 0.0000 YES 
lpa_01212 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01216 1 1.0000 0.0020 1.0000 0.0000 YES 
lpa_01217 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01218 1 1.0000 0.0240 1.0000 0.0000 YES 
lpa_01219 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01220 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01222 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01225 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01231 1 1.0000 0.0040 1.0000 0.0000 YES 
lpa_01232 1 1.0000 0.0170 0.9997 0.0003 YES 
lpa_01233 2 1.0000 0.0450 0.9987 0.0013 YES 
lpa_01234 2 1.0000 0.0120 1.0000 0.0000 YES 
lpa_01236 1 1.0000 0.0140 0.9991 0.0009 YES 
lpa_01237 2 1.0000 0.0090 0.9997 0.0003 YES 
lpa_01241 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01245 2 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01248 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01249 1 1.0000 0.0060 1.0000 0.0000 YES 
lpa_01251 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01253 1 1.0000 0.0100 1.0000 0.0000 YES 
lpa_01254 2 1.0000 0.0090 1.0000 0.0000 YES 
lpa_01255 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01256 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01258 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01261 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01262 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01264 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01265 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01266 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01267 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01268 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01269 1 1.0000 0.0020 1.0000 0.0000 YES 
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lpa_01270 1 1.0000 0.0030 1.0000 0.0000 YES 
lpa_01271 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01272 1 1.0000 0.0040 0.9999 0.0001 YES 
lpa_01273 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01275 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01276 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01277 1 1.0000 0.0410 0.9796 0.0204 YES 
lpa_01278 1 1.0000 0.0070 1.0000 0.0000 YES 
lpa_01279 1 1.0000 0.0020 1.0000 0.0000 YES 
lpa_01281 1 1.0000 0.0100 0.9989 0.0011 YES 
lpa_01282 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01283 1 1.0000 0.0020 0.9996 0.0004 YES 
lpa_01284 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01286 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01287 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01289 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01290 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01292 1 1.0000 0.0120 0.9987 0.0013 YES 
lpa_01294 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01295 1 1.0000 0.0020 1.0000 0.0000 YES 
lpa_01319 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01320 1 1.0000 0.0090 1.0000 0.0000 YES 
lpa_01322 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01323 1 1.0000 0.4340 0.5093 0.4907 NO 
lpa_01323 2 1.0000 0.4220 0.5007 0.4993 NO 
lpa_01324 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01325 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01326 1 1.0000 0.0270 0.9979 0.0021 YES 
lpa_01327 1 1.0000 0.0010 0.9990 0.0010 YES 
lpa_01346 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01391 2 1.0000 0.0010 1.0000 0.0000 YES 
lpa_01465 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01514 2 1.0000 0.0380 0.9787 0.0213 YES 
lpa_01540 2 1.0000 0.0760 0.8966 0.1034 NO 
lpa_01588 2 1.0000 0.0000 0.5926 0.4074 YES 
lpa_01670 2 1.0000 0.0420 0.9998 0.0002 YES 
lpa_01685 2 1.0000 0.0500 0.9500 0.0500 NO 
lpa_01805 2 1.0000 0.0280 0.9947 0.0053 YES 
lpa_01815 2 1.0000 0.3600 0.5446 0.4554 NO 
lpa_01849 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_01956 2 1.0000 0.0580 0.9559 0.0441 NO 
lpa_02050 2 1.0000 0.1050 0.9149 0.0851 NO 
lpa_02058 2 1.0000 0.0680 0.9274 0.0726 NO 
lpa_02151 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02154 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02155 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02156 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02160 1 1.0000 0.0220 0.9939 0.0061 YES 
lpa_02161 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02162 1 1.0000 0.0010 0.9973 0.0027 YES 
lpa_02164 2 1.0000 0.4040 0.5460 0.4540 NO 
lpa_02166 2 1.0000 0.0450 0.9719 0.0281 YES 
lpa_02167 2 1.0000 0.0470 0.9548 0.0452 YES 
lpa_02168 2 1.0000 0.0330 0.9765 0.0235 YES 
!
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lpa_02172 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02173 1 1.0000 0.0260 0.9999 0.0001 YES 
lpa_02174 2 1.0000 0.2550 0.6731 0.3269 NO 
lpa_02176 2 1.0000 0.0210 0.9830 0.0170 YES 
lpa_02187 2 1.0000 0.0730 0.9223 0.0777 NO 
lpa_02245 2 1.0000 0.1210 0.8580 0.1420 NO 
lpa_02305 2 1.0000 0.0010 0.9999 0.0001 YES 
lpa_02333 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02334 2 1.0000 0.0130 0.9952 0.0048 YES 
lpa_02384 2 1.0000 0.3590 0.5571 0.4429 NO 
lpa_02440 2 1.0000 0.1970 0.8033 0.1967 NO 
lpa_02447 2 1.0000 0.0600 0.9353 0.0647 NO 
lpa_02455 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02456 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02457 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02461 2 1.0000 0.0280 0.9777 0.0223 YES 
lpa_02463 2 1.0000 0.1390 0.8625 0.1375 NO 
lpa_02463 1 1.0000 0.1330 0.8846 0.1154 NO 
lpa_02464 2 1.0000 0.0080 0.9985 0.0015 YES 
lpa_02465 1 1.0000 0.1460 0.9018 0.0982 NO 
lpa_02465 2 1.0000 0.1310 0.8755 0.1245 NO 
lpa_02474 2 1.0000 0.0880 0.9612 0.0388 NO 
lpa_02478 1 1.0000 0.0620 0.9849 0.0151 NO 
lpa_02478 2 1.0000 0.0490 0.9850 0.0150 YES 
lpa_02480 1 1.0000 0.0450 0.9992 0.0008 YES 
lpa_02481 2 1.0000 0.0830 0.8937 0.1063 NO 
lpa_02484 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02501 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02509 2 1.0000 0.0020 1.0000 0.0000 YES 
lpa_02512 2 1.0000 0.0040 1.0000 0.0000 YES 
lpa_02522 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02537 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02540 2 1.0000 0.1840 0.8107 0.1893 NO 
lpa_02545 2 1.0000 0.0090 0.9999 0.0001 YES 
lpa_02547 1 1.0000 0.3490 0.6213 0.3787 NO 
lpa_02547 2 1.0000 0.2730 0.7108 0.2892 NO 
lpa_02549 2 1.0000 0.1380 0.8777 0.1223 NO 
lpa_02551 2 1.0000 0.1530 0.8342 0.1658 NO 
lpa_02560 2 1.0000 0.0010 0.9999 0.0001 YES 
lpa_02569 2 1.0000 0.0000 0.9978 0.0022 YES 
lpa_02612 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_02626 2 1.0000 0.0290 0.9915 0.0085 YES 
lpa_02662 2 1.0000 0.0240 0.9832 0.0168 YES 
lpa_02690 2 1.0000 0.0740 0.9807 0.0193 NO 
lpa_02691 2 1.0000 0.0200 0.9999 0.0001 YES 
lpa_02693 2 1.0000 0.0620 0.9009 0.0991 NO 
lpa_02696 2 1.0000 0.0250 0.9962 0.0038 YES 
lpa_02808 2 1.0000 0.1400 0.8190 0.1810 NO 
lpa_02915 2 1.0000 0.3120 0.5679 0.4321 NO 
lpa_02950 1 1.0000 0.0130 0.9986 0.0014 YES 
lpa_02952 2 1.0000 0.0240 0.9998 0.0002 YES 
lpa_02976 2 1.0000 0.0200 0.9876 0.0124 YES 
lpa_03019 2 1.0000 0.0860 0.9024 0.0976 NO 
lpa_03037 1 1.0000 0.0020 1.0000 0.0000 YES 
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lpa_03058 2 1.0000 0.1080 0.9086 0.0914 NO 
lpa_03097 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03174 2 1.0000 0.1020 0.8937 0.1063 NO 
lpa_03250 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03374 1 1.0000 0.0090 0.9998 0.0002 YES 
lpa_03378 2 1.0000 0.1020 0.9111 0.0889 NO 
lpa_03424 2 1.0000 0.2200 0.7600 0.2400 NO 
lpa_03437 2 1.0000 0.0840 0.9540 0.0460 NO 
lpa_03439 1 1.0000 0.0140 0.9977 0.0023 YES 
lpa_03447 2 1.0000 0.0140 0.9976 0.0024 YES 
lpa_03491 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03494 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03495 1 1.0000 0.0030 0.9999 0.0001 YES 
lpa_03496 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03497 1 1.0000 0.0630 0.9784 0.0216 NO 
lpa_03497 2 1.0000 0.0620 0.9783 0.0217 NO 
lpa_03498 1 1.0000 0.0110 1.0000 0.0000 YES 
lpa_03499 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03517 2 1.0000 0.0110 0.9969 0.0031 YES 
lpa_03527 2 1.0000 0.0370 0.9936 0.0064 YES 
lpa_03530 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03531 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03532 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_03541 2 1.0000 0.0080 1.0000 0.0000 YES 
lpa_03542 2 1.0000 0.0730 0.9020 0.0980 NO 
lpa_03543 2 1.0000 0.0680 0.9924 0.0076 NO 
lpa_03544 2 1.0000 0.0540 0.9909 0.0091 NO 
lpa_03619 2 1.0000 0.0060 0.9990 0.0010 YES 
lpa_03701 2 1.0000 0.0920 0.8956 0.1044 NO 
lpa_03704 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03706 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03716 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03720 1 1.0000 0.0080 0.9999 0.0001 YES 
lpa_03721 1 1.0000 0.0390 0.9959 0.0041 YES 
lpa_03723 1 1.0000 0.0040 1.0000 0.0000 YES 
lpa_03727 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03729 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03732 1 1.0000 0.0020 1.0000 0.0000 YES 
lpa_03733 1 1.0000 0.0540 0.9920 0.0080 NO 
lpa_03733 2 1.0000 0.0510 0.9985 0.0015 NO 
lpa_03734 1 1.0000 0.0240 0.9993 0.0007 YES 
lpa_03736 1 1.0000 0.0310 0.9979 0.0021 YES 
lpa_03738 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03739 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_03741 1 1.0000 0.0620 0.9469 0.0531 NO 
lpa_03741 2 1.0000 0.0460 0.9579 0.0421 YES 
lpa_03743 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03746 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_03749 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03750 2 1.0000 0.0780 0.8953 0.1047 NO 
lpa_03751 1 1.0000 0.0030 0.9952 0.0048 YES 
lpa_03752 1 1.0000 0.0060 1.0000 0.0000 YES 
lpa_03766 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03768 2 1.0000 0.0590 0.9708 0.0292 NO 
!
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lpa_03768 1 1.0000 0.0510 0.9781 0.0219 NO 
lpa_03770 1 1.0000 0.0620 0.9956 0.0044 NO 
lpa_03770 2 1.0000 0.0470 0.9962 0.0038 YES 
lpa_03771 2 1.0000 0.0780 0.9932 0.0068 NO 
lpa_03772 2 1.0000 0.0760 0.9501 0.0499 NO 
lpa_03775 1 1.0000 0.0030 1.0000 0.0000 YES 
lpa_03776 1 1.0000 0.0400 0.9960 0.0040 YES 
lpa_03779 2 1.0000 0.0210 0.9969 0.0031 YES 
lpa_03780 2 1.0000 0.2660 0.6663 0.3337 NO 
lpa_03782 1 1.0000 0.0120 0.9958 0.0042 YES 
lpa_03783 1 1.0000 0.0040 1.0000 0.0000 YES 
lpa_03784 2 1.0000 0.1980 0.7513 0.2487 NO 
lpa_03787 2 1.0000 0.0810 0.9623 0.0377 NO 
lpa_03788 2 1.0000 0.1130 0.8434 0.1566 NO 
lpa_03799 2 1.0000 0.2440 0.7403 0.2597 NO 
lpa_03799 1 1.0000 0.2370 0.7510 0.2490 NO 
lpa_03800 2 1.0000 0.1420 0.8527 0.1473 NO 
lpa_03803 1 1.0000 0.0070 1.0000 0.0000 YES 
lpa_03804 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_03813 2 1.0000 0.0640 0.9508 0.0492 NO 
lpa_03814 1 1.0000 0.0670 0.9900 0.0100 NO 
lpa_03814 2 1.0000 0.0540 0.9875 0.0125 NO 
lpa_03817 2 1.0000 0.0910 0.9406 0.0594 NO 
lpa_03819 1 1.0000 0.0110 0.9999 0.0001 YES 
lpa_03823 2 1.0000 0.1030 0.8997 0.1003 NO 
lpa_03824 2 1.0000 0.4580 0.4847 0.5153 NO 
lpa_03825 2 1.0000 0.1010 0.9500 0.0500 NO 
lpa_03825 1 1.0000 0.0790 0.9657 0.0343 NO 
lpa_03827 2 1.0000 0.0500 0.9500 0.0500 NO 
lpa_03828 1 1.0000 0.0260 1.0000 0.0000 YES 
lpa_03831 2 1.0000 0.0270 0.9969 0.0031 YES 
lpa_03832 1 1.0000 0.0490 0.9818 0.0182 YES 
lpa_03833 2 1.0000 0.0030 1.0000 0.0000 YES 
lpa_03834 1 1.0000 0.0150 0.9994 0.0006 YES 
lpa_03836 1 1.0000 0.0140 0.9995 0.0005 YES 
lpa_03846 2 1.0000 0.0430 0.9864 0.0136 YES 
lpa_03847 2 1.0000 0.3660 0.5629 0.4371 NO 
lpa_03853 1 1.0000 0.0150 0.9999 0.0001 YES 
lpa_03854 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03855 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03859 1 1.0000 0.0150 0.9992 0.0008 YES 
lpa_03861 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03863 1 1.0000 0.0080 1.0000 0.0000 YES 
lpa_03867 1 1.0000 0.0010 1.0000 0.0000 YES 
lpa_03869 1 1.0000 0.0130 0.9987 0.0013 YES 
lpa_03873 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_03874 1 1.0000 0.0420 0.9857 0.0143 YES 
lpa_03876 2 1.0000 0.0420 0.9950 0.0050 YES 
lpa_03877 1 1.0000 0.0880 0.9686 0.0314 NO 
lpa_03877 2 1.0000 0.0780 0.9642 0.0358 NO 
lpa_03881 1 1.0000 0.0470 0.9819 0.0181 YES 
lpa_03883 2 1.0000 0.0190 0.9987 0.0013 YES 
lpa_03884 2 1.0000 0.0560 0.9544 0.0456 NO 
lpa_03885 2 1.0000 0.0140 0.9963 0.0037 YES 
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lpa_03889 1 1.0000 0.3600 0.5856 0.4144 NO 
lpa_03889 2 1.0000 0.0090 0.9973 0.0027 YES 
lpa_03890 1 0.1120 1.0000 0.1853 0.8147 NO 
lpa_03890 2 1.0000 0.3780 0.5886 0.4114 NO 
lpa_03891 1 1.0000 0.0500 0.9500 0.0500 NO 
lpa_03891 2 1.0000 0.2800 0.6218 0.3782 NO 
lpa_03892 2 1.0000 0.3680 0.6408 0.3592 NO 
lpa_03954 2 1.0000 0.0080 1.0000 0.0000 YES 
lpa_03967 2 1.0000 0.1360 0.8647 0.1353 NO 
lpa_03970 2 1.0000 0.0090 0.9969 0.0031 YES 
lpa_03971 2 1.0000 0.0500 0.9500 0.0500 NO 
lpa_03973 2 1.0000 0.0900 0.8998 0.1002 NO 
lpa_03974 1 1.0000 0.0900 0.9068 0.0932 NO 
lpa_03974 2 1.0000 0.0300 0.9799 0.0201 YES 
lpa_03975 2 1.0000 0.0930 0.9332 0.0668 NO 
lpa_03980 2 1.0000 0.4200 0.5329 0.4671 NO 
lpa_03984 2 1.0000 0.0030 1.0000 0.0000 YES 
lpa_03985 2 1.0000 0.0020 1.0000 0.0000 YES 
lpa_03987 2 1.0000 0.0450 0.9685 0.0315 YES 
lpa_03991 2 1.0000 0.0420 0.9885 0.0115 YES 
lpa_03994 2 1.0000 0.0340 0.9877 0.0123 YES 
lpa_03997 2 1.0000 0.0090 0.9999 0.0001 YES 
lpa_04005 2 1.0000 0.0140 0.9970 0.0030 YES 
lpa_04018 2 1.0000 0.0000 1.0000 0.0000 YES 
lpa_04026 1 1.0000 0.0530 0.9943 0.0057 NO 
lpa_04026 2 1.0000 0.0260 0.9970 0.0030 YES 
lpa_04029 2 1.0000 0.0600 0.9950 0.0050 NO 
lpa_04034 1 1.0000 0.0260 0.9997 0.0003 YES 
lpa_04035 1 1.0000 0.0050 1.0000 0.0000 YES 
lpa_04036 2 1.0000 0.0500 0.9797 0.0203 NO 
lpa_04038 2 0.4710 1.0000 0.4754 0.5246 NO 
lpa_04039 2 1.0000 0.0800 0.9579 0.0421 NO 
lpa_04041 2 1.0000 0.0330 0.9931 0.0069 YES 
lpa_04042 2 1.0000 0.0390 0.9864 0.0136 YES 
lpa_04044 1 1.0000 0.0150 0.9979 0.0021 YES 
lpa_04046 2 1.0000 0.1450 0.8344 0.1656 NO 
lpa_04047 1 1.0000 0.0000 1.0000 0.0000 YES 
lpa_04049 1 1.0000 0.0640 0.9947 0.0053 NO 
lpa_04049 2 1.0000 0.0620 0.9922 0.0078 NO 
lpa_04051 2 1.0000 0.0450 0.9882 0.0118 YES 
lpa_04052 2 1.0000 0.3140 0.5727 0.4273 NO 
lpa_04053 2 1.0000 0.1470 0.8351 0.1649 NO 
lpa_04055 2 1.0000 0.0010 0.5014 0.4986 YES 
lpa_04056 2 1.0000 0.1170 0.8787 0.1213 NO 
lpa_04060 1 1.0000 0.0310 0.9998 0.0002 YES 
lpa_04061 1 1.0000 0.0370 0.9982 0.0018 YES 
lpa_04062 2 1.0000 0.0410 0.9640 0.0360 YES 
lpa_04063 2 1.0000 0.0510 0.9838 0.0162 NO 
lpa_04065 2 1.0000 0.0780 0.9552 0.0448 NO 
lpa_04066 2 1.0000 0.0310 0.9922 0.0078 YES 
lpa_04067 2 1.0000 0.0350 0.9862 0.0138 YES 
lpa_04068 1 1.0000 0.0810 0.9364 0.0636 NO 
lpa_04068 2 1.0000 0.0440 0.9989 0.0011 YES 
lpa_04069 2 1.0000 0.0900 0.9258 0.0742 NO 
!
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lpa_04153 2 1.0000 0.0760 0.9991 0.0009 NO 
lpa_04203 2 1.0000 0.0010 1.0000 0.0000 YES 
lpa_04271 2 1.0000 0.1940 0.7844 0.2156 NO 
lpa_04341 2 1.0000 0.0500 0.9500 0.0500 NO 
lpa_04384 2 1.0000 0.0010 1.0000 0.0000 YES 
 
Table S5 | Annotation of the 45 SNPs detected as being introduced by substitution 
events in the core genome of the ST578 strains. ‘!’ refers to the branch of the non-
recombining core tree where each SNP is mapped. B1-B5 denote the recombining 
branches described in the main text. The annotation of each gene corresponds to 
that from the L. pneumophila 2300/99 Alcoy reference genome. 
SNP position Change Gene Branch Gene annotation 
110128 G>T lpa_00132 !ID_747969 Hypothetical protein 
159071 T>A lpa_00191 !Lp_Alcoy Methylmalonate-semialdehyde dehydrogenase 
208809 A>G lpa_00263 B2 Hypothetical protein 
215988 A>C lpa_00274 !ID_490738 RNA polymerase Rpb8 subunit 
310721 G>T lpa_00411 !ID_747968 Multidrug efflux protein, outer membrane component 
324977 G>A lpa_00419 !ID_480372 SidE protein 
893579 A>C lpa_01129 !ID_7147 Phosphatidylglycerophosphatase A 
909344 A>G lpa_01146 !ID_6536 Iron sulphur-containing domain protein 
1212503 A>G lpa_01540 !(ID_3785,ID_3786) Cadmium translocating P-type ATPase CadA 
1240970 A>G lpa_01577 !ID_5228 Cation efflux system protein cusA 
1310005 A>G lpa_01685 !ID_8141 Putative membrane protein, putative virulence factor 
1409542 A>G lpa_01815 !ID_3110 Acetylornithine deacetylase 
1506009 T>A lpa_01936 Homoplasy (ID_3908, ID_480203, ID_6356) Motility protein FimV 
1530075 C>T lpa_01956 B5 (!ID_3164) Hypothetical protein 
1603285 A>G lpa_02050 B2 3-oxoacyl-(acyl-carrier-protein) 
1608925 G>A lpa_02058 !ID_8228 DNA polymerase III, delta prime subunit 
1716906 C>T lpa_02187 !ID_480392 Aminopeptidase N 
1770314 C>T lpa_02245 !ID_490738 Histidyl-tRNA synthetase 
1887297 G>C lpa_02384 !(ID_8227,ID_8189) Myo-inositol catabolism protein IolE 
1949018 C>G lpa_02440 !ID_481898 Aconitate hydratase 1 
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2038992 G>A lpa_02547 B1 Flagellar motor switch protein FliG 
2038998 G>T lpa_02547 B1 Flagellar motor switch protein FliG 
2039115 A>C lpa_02547 B1 Flagellar motor switch protein FliG 
2041111 C>T lpa_02549 B2 Flagellar M-ring protein FliF 
2041810 C>T lpa_02551 B1 
Protein involved in the phosphorelay 
signal transduction system and the 
regulation of transcription 
2104665 G>A lpa_02619 !ID_3499 ATP-dependent DNA helicase (UvrD/Rep helicase) 
2256069 C>G lpa_02808 !ID_490738 Hypothetical protein 
2341099 T>C lpa_02915 !(ID_480203,ID_481707, ID_481898,ID_489571,ID_480263) 
Histidinol-phosphate 
aminotransferase 
2419305 T>C lpa_03019 B2 Hypothetical protein 
2453141 A>T lpa_03058 !ID_489956 Chemiosmotic efflux system protein C-like protein 
2586901 C>T lpa_03174 !(ID_8227,ID_8189) Hypothetical protein 


























2977091 C>A lpa_03701 !ID_480203 Myoglobin-like protein 
3184000 G>T lpa_03967 B1 
Protein with ligase activity within the 
cellular modified amino acid 
biosynthetic process 
3184072 C>T lpa_03967 B1 
Protein with ligase activity within the 
cellular modified amino acid 
biosynthetic process 
3187643 T>C lpa_03971 B1 N-ethylmaleimide reductase 
!
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3188899 G>A lpa_03973 B1 Hypothetical protein 
3189713 G>A lpa_03975 B1 Inner membrane protein 
3191590 A>T lpa_03980 B1 Queuine/archaeosine tRNA-ribosyltransferase 







3415735 C>T lpa_04271 !ID_489154 Protein with iron-sulphur oxidoreductase activity 





Major outer membrane protein 
 
 
Table S6 | Relevant features of the 16 recombination events detected in the core genome of L. pneumophila ST578 strains. Note 
that events marked with the same symbol (*, §, ‡) are completely or partially overlapping. 
Branch Total number  of SNPs Event Gene interval Positions Length (bp) Number of core loci Adjacent or included recombining features 
Number of core 
SNPs 
B1 939 
A lpa_00900 - lpa_00975 687448 - 743613 56165 54 rRNA (5S, 16S, 23S), Ile tRNA 131 
B lpa_02151 - lpa_02176 1691412 - 1711393 19981 17 - 149 
C lpa_02447 - lpa_02484 1953606 - 1985949 32343 29 Adjacent transposase 50 
D lpa_02690 - lpa_02696 2161769 - 2168758 6989 6 
Leu tRNA, His tRNA, Arg, tRNA, Pro tRNA 
Adjacent Glu tRNA, Ala tRNA 
Recombinase 
9 
E* lpa_03704 - lpa_03892 2978293 - 3119309 141016 116 Pro tRNA 523 
F§ lpa_04035 - lpa_04065 3230002 - 3262184 32182 27 Met tRNA, Leu tRNA 37 
B2 110 G lpa_03530 - lpa_03532 2851732 - 2857447 5715 3 Ser tRNA 101 
B3 172 
H lpa_03491 - lpa_03499 2825989 - 2833187 7198 7 - 79 
I lpa_03374 - lpa_03439 2750696 - 2791809 41113 19 Ile tRNA Transposase, Integrase 17 
J§ lpa_04018 - lpa_04069 3220303 - 3267266 46963 40 Met tRNA, Leu tRNA Adjacents rRNA (5S, 16S, 23S), Ala tRNA 70 
B4 491 
K lpa_01025 - lpa_01040 795968 - 809994 14026 8 - 86 
L lpa_01183 - lpa_01186 940264 - 944157 3893 3 - 38 
M‡ lpa_01218 - lpa_01295 969679 - 1025828 56149 53 Adjacent Leu tRNA 248 
N* lpa_03729 - lpa_03771 2990558 - 3018309 27751 19 Pro tRNA 117 
B5 478 
O‡ 
 lpa_01207 - lpa_01289 961873 - 1021984 60111 55 Leu tRNA 395 







Table S7 | Recombination detection using the method described in Croucher et al 
(2011). Events per branch have been simplified as recombination hotspots longer 
than 1 kb and containing genes located less than 5 kb distant. Each region has 
been assigned to the 16 recombination events (A-P) described in the present study. 
Hotspot Start End Length Genes involved Recombination event 
1 606661 648999 42339 lpa_00900 - lpa_00975 A 
2 698008 702579 4572 lpa_01025 - lpa_01031 K 
3 830787 833106 2320 lpa_01183 - lpa_01186 L 
4 849214 861058 11845 lpa_01207 - lpa_01222 M-O 
5 875244 888961 13718 lpa_01248 - lpa_01266 M-O 
6 902499 905700 3202 lpa_01289 - lpa_01295 M-O 
7 919617 934671 15055 lpa_01319 - lpa_01346 P 
8 1490790 1505502 14713 lpa_02151 - lpa_02172 B 
9 1719169 1746493 27325 lpa_02447 - lpa_02484 C 
10 1781121 1782811 1691 lpa_02537 - 
11 1791573 1796431 4859 lpa_02545 - lpa_02551 - 
12 1903722 1908130 4409 lpa_02690 - lpa_02696 D 
13 2073496 2074495 1000 lpa_02950 - lpa_02952 - 
14 2130349 2131708 1360 lpa_03037 - 
15 2415774 2428687 12914 lpa_03374 - lpa_03439 I 
16 2458812 2462659 3848 lpa_03491 - lpa_03498 H 
17 2477682 2491244 13563 lpa_03527 - lpa_03544 G 
18 2590989 2592925 1937 lpa_03704 - lpa_03706 E 
19 2599425 2608292 8868 lpa_03729 - lpa_03749 E-N 
20 2632848 2663407 30560 lpa_03799 - lpa_03836 E-N 
21 2674583 2690011 15429 lpa_03853 - lpa_03873 E 
22 2761038 2778358 17321 lpa_03967 - lpa_03997 - 
23 2789596 2814934 25339 lpa_04018 - lpa_04052 F-J 
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Figure S1 | Distribution of the number of core genome pairwise SNP distances between and within the L. pneumophila strains 
included in the study. (A) Intra– and inter–sequence type (ST) pairwise distances between L. pneumophila isolates are shown in gray 






Figure S3 | Genetic variability measured by the nucleotide diversity (Pi; filled dots) 
and the population mutation rate (Theta; unfilled dots) between the core genome of 
the three most abundant STs in our data set (ST1, ST578 and ST637; with 10, 45 
and 6 isolates, respectively) measured using Variscan. Red represents the 
estimates from clinical samples (C), blue represent the estimates from 
environmental samples (E) and black represents the estimates from both groups 
together. 
 
Figure S2 | Sequence-based typing (SBT) and genome-wide SNP distances. 
Correlation between the SNP distances found from SBT and core genome data for 
the 15 STs included in this study. Dots of different color show comparisons 





















































































































































Figure S4 | Temporal variation in the genomic variability of L. pneumophila strains. Nucleotide diversity (Pi; filled dots) 
and population mutation rate (Theta; unfilled dots) calculated for the core genome using Variscan (A) within and between 
the ST578 and ST637 strains grouped by outbreak or sporadic cases (sorted by the time at which each outbreak 
occurred) and (B) between the ST578 strains isolated in different years. Red represents the estimates in clinical samples 






















Figure S5 | Temporal signal in the data set used in the study. The correlation between the root-to-tip distances for the 
strains included in the study and the isolation time estimated using Path-O-Gen in the initial core alignment (a) and in the 
non-recombining core alignment (b). The two outlier points in b correspond to strains ID_3355 and ID_7371, which have 
probably acquired mutations at a slightly higher rate than the other strains present in the data set. Removing these two 





Figure S6 | Distribution of substitution rates. The distribution of the substitution 
rates per branch (evaluated from the MCC reconstruction with BEAST using the 
BSP and uncorrelated lognormal clock) of the ST578 strains from Alcoy is 
represented as boxplots for the complete core genome and the nonrecombining 
core genome, respectively. The B1–B5 labels for the outlier dots mark the five 
mainly recombinant branches found in the study. Summary statistics for the 





























Figure S7 | Expected and observed number of SNPs per gene. Scatterplot 
showing the observed number of SNPs per gene against the expected number 
considering a random normal distribution. Red lines represent the 95% confidence 
interval for the regression analysis. The 3,120 genes of the initial core genome are 
represented as black dots, and the 2,688 genes of the non-recombining core 






Figure S8 | Examples of topological incongruence in recombinant genes. Gene 
trees were compared topologically to the concatenate of the whole-core alignment. 
Sequences from other STs were included to account for recombination with 
external strains and are shown in different colors. (A) The topology of the 
concatenate. (B–F) The topologies of five different genes detected as 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S9 | Non-recombining core per-gene SNP density. The SNP density per non-recombinant gene is shown for branches 
B1, B2 and B5 taking into account the ancestral SNPs traced using Mesquite and the corresponding gene lengths. Branches B3 
and B4 are not present in the topology of the 2,688-gene non-recombining MCC BEAST tree and thus are not represented in 




Figure S10 | Representation of the number of SNPs per gene per branch in the 3,120-gene ST578 core tree. The tree on the 
left contains the node numbers that identify the different branches (the notation for the five branches, B1–B5, that accumulate 
more SNPs is shown in gray). The graph on the right shows the total number of SNPs per gene as the header. The following 
rows represent the number of SNPs per gene in each of the branches. Background colors represent the clades in the tree 
where the corresponding branches are present. The five branches on which this study focuses are marked in bold with black 
rectangles. Gray vertical lines represent the 247 genes detected with a non-vertical phylogenetic signal.!




Figure S11 | Functional classification of the genes involved in recombination 
events. The distribution of the function of the genes involved in the detected 
recombination events over Cluster of Orthologous Genes (COGs) classification. 
These genes include virulence factors involved in the type IV secretion system 
(sidA, sidF, lepA and lepB) and genes involved in invasion and motility (enhA, 
enhB, enhC and mviN), regulation (letA) and iron acquisition (feoA and feoB). 
Moreover, with recombination events B and C, ST578B could have incorporated 
SNPs in genes involved in DNA damage repair and mutagenesis, such as mutH, 
umuC and umuD. Letters on the x axis correspond to the functional categories 





























Figure S12 | Node height highest posterior density (HPD) intervals at 95%. 
Comparison between the mean time to MRCA estimates (black dots) and the 95% 
HPD intervals (blue dots) before (A) and after (B) removing recombination events 
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 Biofilms from natural water sources can act as reservoirs for a wide 
variety of microbial and eukaryotic communities. Some of the 
microorganisms that benefit from living in these ecosystems may be harmful 
for humans and result in risks for public health. High throughput sequencing 
approaches have the potential for fully characterizing and measuring the 
composition of those complex communities.  
 In this work, we describe a novel approach to characterize the 
microbial, viral and eukaryotic communities of 14 environmental biofilms 
sampled in natural springs around the locality of Alcoy (Alicante, Spain). The 
communities were dominated by Bacteria, with Proteobacteria, 
Cyanobacteria, Actinobacteria and Bacteroidetes phyla, representing 97% of 
the bacterial abundance. Frequent inhabitants of soil and freshwater 
ecosystems such as Porphyrobacter, Xanthomonas, Rhodobacter or 
Sphingomonas were the most common genera. Halobacteria, fungi, parasitic 
protists, algae and microviruses were found in the minority fraction. Despite 
the known endemism of the opportunistic pathogen Legionella in this area, it 
was only found in a relative abundance ranging 0.01-0.07%. 
 Metagenomic approaches rely on databases dependent on 
sequencing efforts. As a consequence, different methodologies for 
taxonomy assignment can provide different results. A comparison of our 
results with other existing methods (original Last Common Ancestor (LCA) 
algorithm, 16S rDNA, and MetaPhlAn) reveals the inherent bias associated 
to the databases they rely on. 
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Introduction 
 Many microorganisms live in communities. The relationships among 
them can be mutualistic or parasitic but, in any case, they usually involve 
physical interactions. These can be achieved by the formation of complex 
structures supported by a polysaccharide matrix called biofilms37. These are 
usually attached on many different water-related surfaces31 and can result in 
a risk for public health as they can serve as reservoirs for pathogens30,32.  
 Sequencing efforts based on high throughput strategies have allowed 
the study of different microbial communities, mainly related to the human 
body303. These methodologies are being increasingly applied to 
environmental samples, especially since the first in-depth analyses 
performed over the Sargasso Sea316. Projects such as the Global Ocean 
Sampling (GOS)315 or TARA Oceans301 introduced many of the current 
knowledge on the microbial community of oceanic and freshwater microbiota. 
Environmental biofilms from natural sources have been underrepresented in 
these studies, with most efforts focused on drinking-water biofilms under 
different conditions or pipe materials326,334,470,471.  
 High throughput approaches are essential to get a good representation 
of the overall community472,473. But, even with high sequencing depths, the 
databases on which these metagenomic studies rely as well as the 
algorithms used are essential for extracting taxonomic information on the 
corresponding community. Genome databases are being used increasingly 
because they allow the correction of the counts assigned to specific 
organisms312,474. However, current sequencing projects do not fairly 
represent all the existing environmental diversity despite the large-scale 
genomic projects that aim at having a better representation of the tree of 
life475. Even so, it is very usual to find a high percentage of unassigned 
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reads, which have been hypothesized to come from a yet undiscovered life 
domain310. 
 In this study, we aimed at characterizing the microbial, viral and 
eukaryotic communities of biofilms sampled in canalization tubes of natural 
springs. These springs are located in the vicinity of Alcoy (Alicante, Spain), 
where Legionella pneumophila is known to have colonized the water 
distribution system339. In fact, legionellosis outbreaks and sporadic cases 
have been relatively frequent in this area. As previous efforts have found its 
detection in the area difficult352, our aim includes the detection and 
quantification of the genus Legionella, and if possible, the ubiquitous L. 
pneumophila, in the sampled community. 
 Additionally, we propose a modified version of the Last Common 
Ancestor (LCA) algorithm, used by many metagenomic studies, for 
taxonomic classification. This proposal overcomes the assignment of reads 
to higher levels because of lateral gene transfer events or high gene 
conservation. This methodology is compared to the original LCA algorithm 
implemented in BLAST2LCA (see URLs), 16S rDNA extracted from the 
metagenomic reads and MetaPhlaN476, showing the role of database 
composition in producing biased results in metagenomic analyses.  
Materials and methods 
Sample collection and processing 
 Fourteen biofilm samples were taken from canalization tubes of natural 
springs around the city of Alcoy (Alicante, Spain) in October 2013 (Fig. S1). 
Biofilm surfaces were gently scraped with a plastic spatula and samples 
were transported to our laboratory in 15 mL-Falcon tubes at 4ºC.   
 Part of the available supernatant (approximately 500 µL) was used for 
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culturing in Legionella-specific GVPC media the same day of the sampling. 
Cultures were incubated at 37ºC during 10 days. L. pneumophila-like 
colonies were sub-cultured in BCYE with and without L-cysteine.  
 Approximately 0.20 g of biofilm material was taken from each sample 
and used for total DNA extraction using PowerBiofilm® DNA Isolation Kit 
(MoBio Laboratories, Inc.) following the manufacturer’s instructions. RNA 
was removed incubating the extracted genetic material with 20 mg/mL 
RNAse A for 30 minutes at 37ºC. Purification of DNA was performed by 
ethanol precipitation using 3M sodium acetate (pH 5.2). After an evaporation 
step using Savant DNA SpeedVac (Thermo Scientific), DNA was suspended 
in nuclease-free water. DNA quantity and quality were tested using 
NanoDropTM 1000 (Thermo Scientific) and Quant-iT™ PicoGreen® 
(Invitrogen). From 1 to 6 µg of total DNA were retrieved per sample and 
used for multiplex shotgun paired-sequencing with Illumina® MiSeq 2x300 bp. 
Reads pre-processing 
 Paired-end reads were matched using FLASh v1.2477. Unpaired reads 
were trimmed dynamically from 3’ ends to remove bases below Q20. 
Assembled pairs and those that remained unpaired were posteriorly filtered 
using prinseq_lite478 to remove reads shorter than 100 bp and with an 
average quality below Q25. Pre- and post- processing of reads qualities 
were evaluated using FastQC v0.10.1 (see URLs). 
Creation of a genome database 
 A BLAST database was created using 17,314 complete genomes and 
whole genome sequencing projects retrieved from NCBI (see 
Supplementary Note 1). In total, the database included 8,539 different 
species (3,159 bacteria, 382 archaeal, 4,544 viral and 454 from low-
eukaryotes) (Fig. S2; Tables S1, S2 and S3). The complete taxonomic levels 
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and the genome/draft-genome size were retrieved for each of the strains in 
order to create a database index. The average genome size for each 
species (n=8,539), genus (n=1,701) family (n=534), order (n=226), class 
(n=105) and phylum (n=65) in each taxonomic level was calculated for 
correction purposes. 
Taxonomic classification  
 Determination of the taxonomic classification was performed from 
filtered reads using BLASTn v2.2.28+451 against the genome database using 
an E-value threshold of < 1E-05 and an alignment length of at least 100 bp. 
BLAST output was filtered in order to leave only hits with a bitscore in the 
top 15% for each query. The complete taxonomic information for each of the 
hits from a read was retrieved using the Taxonomy database from NCBI 
(see URLs).  
 Assignments for all the hits from the same read were subjected to a 
modified version of the LCA algorithm (named Taxonomic Vote, TV) starting 
at the species level using in-house scripts in Perl and R344. The complete 
workflow is detailed in the Supplementary Note 2 (Fig. S3). 
 Reads with no hits against the genome database were blasted to the 
non-redundant nucleotide database (nr-nt) from NCBI. The same restrictions 
detailed above were applied to the output file. The transfer from GI 
identifiers to taxonomic assignation was also performed using the Taxonomy 
database from NCBI (see URLs) and the final assignment made using the 
TV method. 
Diversity and richness estimates 
 Diversity estimates were calculated from the abundance data retrieved 
from the TV method using the “vegan” package in R479. Specifically, 
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rarefaction curves480 were calculated to account for the influence of sample 
size in the characterization of the community. The coverage of the true 
community composition was calculated using Good’s estimate with the 
formula [1-(n/N)]x100, considering n the number of genera represented with 
just one read and N the total number of sequences in that sample481. Inverse 
Simpson482,483, Shannon484 and Chao1485 indices were calculated for each 
sample in order to measure diversity and richness. 
 Jaccard and Bray-Curtis distances were calculated to cluster the 
biofilm samples with the same R package. In order to study a potential 
correlation between microbial relative abundances and geographical location, 
a Mantel test was performed using Pearson’s correlation method and 1,000 
permutations to assess statistical significance. 
Comparison to other methods 
 Results from the taxonomic assignment of each read with the TV 
method were compared to those from other available methodologies. Firstly, 
bitscore-filtered tabular BLAST output files were processed by the command 
line-based software BLAST2LCA (see URLs). This program implements a 
strict LCA algorithm, in which 100% of the hits from a specific read must be 
concordant to each other at a specific level to perform a taxonomic 
assignment. 
 Secondly, reads from the small subunit of ribosomal DNA were 
extracted from the shotgun sequences using Metaxa v1.1.2486. Taxonomic 
assignment of 16S and 18S reads was performed with the classify.seqs 
instruction in Mothur v1.33.3487 using the SILVA 16S/18S database488 
containing bacterial, archaeal and eukaryotic sequences. Information in the 
ribosomal RNA Operon Copy Number Database (rrnDB)489 was used to 
correct the number of reads assigned to each taxonomic level by the 
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number of rDNA copies in the corresponding genomes. If information of a 
specific genome was not available, the average number of copies from the 
immediate upper level contained in the database was used. 
 Finally, raw filtered reads were tested against clade-specific markers 
using MetaPhlAn v1.7.8476. The program was run using Bowtie2 v0.12.7490 
and the corresponding markers database set by the authors. 
Results 
Taxonomic assignment of shotgun reads 
 Shotgun sequencing from total DNA extracted from the biofilms output 
from 1.5 to 2.5 million of 300-bp paired-end reads per sample (Table S4). 
After pairing and filtering, samples were blasted against the custom 
reference genome database. The total number of reads assigned to any 
taxonomic level ranged from 10.6% to 33.6%. In order to search for matches 
against organisms not present in our database because no complete 
genome or genome project was available, unassigned reads were blasted 
against the NCBI non-redundant nucleotide database. The percentage of 
reads with a taxonomic assignment after the second search increased only 
an average of 0.5% in all samples except N2, which had an increase of 13% 
of assigned reads. Eventually, an average of 78% reads (range 63.5-89.1%) 
could not be assigned to any specific organism or taxonomic level (Table 
S4). 
Description of the biofilm metagenomic community  
 The community of all samples was found dominated by Bacteria 
(range 97.9-99.5%). Archaea and low Eukaryotes were found in very low 
abundance (range 0.02-0.52% and range 0.03-0.67%, respectively), as well 
as Viruses (range 0.36-1.24%) (Fig. S4). 
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 Thirty-five different bacterial phyla were found in all the samples, 
although only four of them explained 97% of the bacterial cumulative 
abundance (Fig. S5). This was found dominated by Proteobacteria (range 
68.2-90.4% of the reads assigned to Bacteria), Cyanobacteria (range 0.7-
22.1%), Actinobacteria (range 1.5-19.0%) and Bacteroidetes (range 0.8-
17.1%). However, fluctuations of approximately 20% were found among 
samples. Principal component analysis on the bacterial relative abundance 
data showed most of the variance explained by the high proportion of 
Proteobacteria in all samples (Fig. 1A). However, PC2 showed a deviation of 
samples N2 and N9 towards Cyanobacteria (22.1% and 18.96%, 
respectively), samples N8 and N25 towards Actinobacteria (16.1% and 




Figure 1 | Principal component analysis of the bacterial phyla relative abundances 
found in the biofilm metagenomes. (A) shows principal components 1 and 2, (B) 
shows principal components 2 and 3. The percentage of variance explained by 
each component is shown in the corresponding axes. 
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 A similar composition of the bacterial community was also found at the 
class level, with 52 different clades. Alpha-Proteobacteria was the most 
abundant class, although some fluctuations were also seen (range 20.9-
75.9%) (Fig. 2A). The main differences among the different samples were 
found at the genus level. Results showed 927 different genera predicted 
from the reads with taxonomy assigned to Bacteria, 176 of which had a 
relative abundance higher than 1%. N2 and N9 were found enriched in 
Xanthomonas (21.4% and 10.7%, respectively), whereas N10 and N23 were 









Figure 2 | Relative abundances of all the bacterial classes (A) and genera (B) 
detected in the metagenomes. (A) Class level: colours represent different levels 
above 1% of bacterial abundance estimated from assigned reads. Degradation 
shows the amount of different genera detected in the corresponding class. Legend 
shows the ten most abundant classes. (B) Genus level: dark colours represent 21 
genera that explain 50% of the bacterial cumulative abundance. Transparent 
colours show other genera above 1% of relative abundance. The grey portion 







Figure 3 | Principal component analysis of the bacterial genera relative abundances 
above 1% found in all biofilm metagenomes. (A) shows principal components 1 and 
2, (B) shows principal components 2 and 3. The percentage of variance explained 
by each component is shown in the corresponding axes. 
 The archaeal community detected included members of 3 different 
phyla, Euryarchaeota (range 31.5-98.2%), Crenarchaeota (range 0.0-5.7%) 
and Thaumarchaeota (range 1.6-68.4%), 8 classes and 80 genera. 
Halobacteria (range 26.5-79.1%) and Methanomicrobia (range 4.5-28.6%) 
were found as the most abundant archaeal classes in all samples (Fig. 4A). 
Genera from the Halobacteria class were found to represent more than 50% 
of the archaeal abundance (Fig. 4B). A similar composition was found with 
some particularities, such as the high abundance of the ammonia-oxidizing 
soil archaeon Candidatus Nitrosoarchaeum in N24 (64.5%) or Halorubrum in 







Figure 4 | Relative abundances of all archaeal classes (A) and genera (B) detected 
in the biofilm metagenomes. (A) Class level: colours represent the different levels 
estimated from assigned reads. Degradation shows the amount of different genera 
detected within the corresponding class. (B) Genus level: dark colours represent 8 
































 The eukaryotic composition of the biofilms was found to be highly 
diverse, with 16 different phyla found, 5 of which represented 95% of the 
cumulative eukaryotic abundance (Fig. S5). The most abundant eukaryotic 
phyla were Apicomplexa (range 16.7-45.2%), Ascomycota (14.7-44.4%), 
Basidiomycota (range 0.1-10.7) and Chlorophyta (range 3.2-10.58) (Fig. 6). 
More specifically, 43 different classes including 253 genera were detected, 
136 of them had a relative abundance above 1% of the reads assigned to 




Figure 5 | Principal component analysis of the archaeal genera relative abundances 
above 1% found in all biofilm metagenomes. Panel (A) shows principal components 
1 and 2, and panel (B) shows principal components 2 and 3. The percentage of 
variance explained by each component is shown in the corresponding axes. 
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 Fungi and Apicomplexan genera were found to dominate the 
eukaryotic community (Fig. 7B). More specifically, genus Chlorogonium was 
only found in N25 (29.9%) and genus Ascogregarina was specially enriched 




Figure 6 | Principal component analysis of the eukaryotic phyla relative abundances 
found in the biofilm metagenomes. Panel (A) shows principal components 1 and 2, 
and panel (B) shows principal components 2 and 3. The percentage of variance 








Figure 7 | Relative abundances of all eukaryotic classes (A) and genera (B) 
detected in the metagenomes. (A) Class level: colours represent different levels 























Figure 8 | Principal component analysis of the eukaryotic genera relative 
abundances above 1% found in all biofilm metagenomes. Panel (A) shows principal 
components 1 and 2, and panel (B) shows principal components 2 and 3. The 
percentage of variance explained by each component is shown in the corresponding 
axes. 
 Most of the viruses detected in all the samples were assigned as 
Microvirus (range 78.6-100% of the reads assigned to Viruses) (Fig. 9). 
 
shows the amount of different genera detected within the corresponding class. 
Legend shows the ten most abundant classes. (B) Genus level: dark colours 
represent 8 genera that explain 50% of the eukaryotic cumulative abundance. 
Transparent colours show other genera above 1% of relative abundance. The grey 
portion represents all the levels under the 1% fraction of relative abundance. 





Reads unassigned to the reference genome database  
 An average of 78.7% reads remained unassigned after blasting 
against the reference genome database. These were re-tested against the 
more general NCBI non-redundant nucleotide database but, on average, 
less than 1% of the unassigned reads could be identified using this second 
strategy, except for sample N2, as stated above. Depending on the sample, 
more reads were assigned to either Bacteria (range 0.2-16.7%) or Eukarya 
(0.06-0.63%). Archaea and Viruses remained the least represented (range 
0.0001-0.0026% and 0.0001-0.0808%, respectively). 
 Thirty-five bacteria genera were found, 29 of them previously identified 
in the TV. However, other non-represented genera were detected, such as 
Hymenobacter, Neorhizobium, Roseibacterium, Marichromatium, Kutzneria 
or Sulfuritalea. Interestingly, samples N1 and N2 showed a significant 





Figure 9 | Principal component analysis of the viral genera relative abundances in 
all biofilm metagenomes. Panel (A) shows principal components 1 and 2, and panel 
(B) shows principal components 2 and 3. The percentage of variance explained by 
each component is shown in the corresponding axes. 
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deviation towards Roseibacterium (17.4% and 33.7% of the new 
assignments, respectively). Samples N8 and N25 showed certain bias 
towards Marichromatium and Hymenobacter (Fig. 10). 
The most represented eukaryotic genera were high eukaryotes such 
as the freshwater planarian Schmidtea (20.2% of the reads assigned in all 
samples), the plant genera Vitis (8.9%), Ricinus (6.8%) and Gossypium 
(6.2%) or the arthropod Culex (5.6%) (Fig. 11). 
 





Figure 10 | Principal component analysis of the reads assigned to Bacteria after 
blasting the unassigned reads from the TV against the NCBI non-redundant 
nucleotide database. Panel (A) shows principal components 1 and 2, and panel (B) 
shows principal components 2 and 3. The percentage of variance explained by each 





Taxonomy diversity and richness 
 Rarefaction curves performed at the genus level revealed that 
sequencing depth was sufficient to get a good characterization of the 
communities under study (Fig. S6). Good’s estimator of coverage481 was 
estimated as 99.9% in all samples, which means that we are seeing a 
picture of almost all of the genera present in the analysed specimens. 
Inverse Simpson482,483 and Shannon-Weaver484 estimates were used to 
evaluate the taxonomic diversity of the biofilm samples. The inverse 
Simpson index revealed differences between samples, some of them with 
less number of genera with a comparable relative abundance (13.9 and 10.9 
genera, respectively; Table S5) and others with a higher number (62.0 and 
81.8 genera in N24 and N25, respectively). 
 However, as this index is biased towards the presence of a few 





Figure 11 | Principal component analysis of the reads assigned to Eukarya after 
blasting the unassigned reads from the TV against the NCBI non-redundant 
nucleotide database. Panel (A) shows principal components 1 and 2, and panel (B) 
shows principal components 2 and 3. The percentage of variance explained by each 
component is shown in the corresponding axes. 
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abundant species, Shannon’s index of diversity was also calculated. This 
estimator reduces the weight assigned to the dominant species, giving more 
importance to the rare ones. In this case, Shannon index was estimated to 
be more homogeneous between samples, with values ranging from 3.75 to 
5.16 (Table S5). However, transformed to true diversity, these values refer 
to the presence of a range from 42 to 174 genera with the same relative 
abundance in the ecosystem. 
 The number of genera detected between samples ranged from 848 in 
N2 to 1,115 in N3. Taking into account the number of rare genera, the 
Chao1 index485 estimated this number in all samples up to an average of 
1,146 (Table S5). Evenness values of 0.54-0.74 showed a considerable 
proportion of equally abundant species. Finally, as an estimate of 
heterogeneity between samples or beta diversity, the total number of genera 
in all sites and the average richness per site was estimated and revealed 
low heterogeneity between the different biofilm samples (β = 0.23). 
Legionella detection and similarity among samples 
 Direct microbiological cultures from the biofilm samples did not result 
in isolation of Legionella. Either no growth or overgrowth was observed in 
the different plates, thus making its identification impossible. Additionally, the 
previously reported results from the metagenomes detected genus 
Legionella in a very low proportion in the analysed communities, in a range 
between 0.01-0.07% of bacterial and total relative abundance.  
 When hits above 97% percentage of identity were considered, the 
species L. pneumophila and L. drancourtii were observed in six and five 
samples, respectively. However, the coverage of the corresponding 
reference genomes was estimated as only 0.0004X or below of the full 
genome length. No significant correlation was found between the relative 
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abundance of Legionella as a genus and L. pneumophila as species with 
any other organism found in the community after multiple testing correction 
using the False Discovery Rate (FDR) method386 (q-value > 0.05). 
 Relative abundances of genera were used to calculate Jaccard 
similarity and Bray-Curtis dissimilarity distances. Samples were clustered 
using these distances, revealing three main groups at a Jaccard index of 
about 0.6 (Fig. S7A) and a Bray-Curtis index of approximately 0.5 (Fig. S7B). 
As samples were taken from different natural springs surrounding the locality 
of Alcoy, we decided to test the correlation between the pairwise genetic and 
geographic distances that could explain the observed clustering pattern. For 
this, we performed a Mantel test. The results did not show a significant 
correlation between both matrices (Mantel statistic r = -0.0099; p-value = 
0.508). 
Modified vs original LCA algorithm 
 The results obtained with the TV procedure on the microbial and 
eukaryotic composition of biofilm communities were compared to those of 
other methods. Firstly, bitscore-filtered BLAST output files were subjected to 
the original LCA algorithm using BLAST2LCA (see URLs). Differences 
between both strategies reside mainly in the process of taxonomic 
assignment of the reads. While BLAST2LCA needs that all of the hits of a 
specific read call the same organism group at a given taxonomic level, the 
TV method is more flexible by considering that more than 50% of those hits 
should agree in the classification at a given level. As explained more 
extensively in Supplementary Note 2, the best hit is always taken into 
consideration. This program detected 1,204 different genera for all domains 
in the whole dataset, compared to 1,276 genera retrieved with the TV 
method. 1,201 genera were detected by both methods and represented from 
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98.6% to 99.6% of the relative abundance retrieved from the TV. The 
relative abundances of all genera detected by the TV and BLAST2LCA 
showed a high and significant correlation (Pearson’s r = 0.98; p-value < 
2.2E-16), which validated the results given by our approach. The 75 genera 
detected only with the TV method were mainly from the fungal phyla 
Ascomycota and Basidiomycota. 
Comparison with extracted rDNA reads 
 Reads matching 12S, 16S and 18S genes were extracted from the 
metagenomes (Table S6) and analysed with Mothur487. Eukaryotic reads 
were mostly unclassified (54.6%), although some of them were assigned to 
three phyla: Zea (33.3%), Tribolium (10.9%), and Mus (1.1%). No low 
Eukaryotes were found, which could be a result of the small amount of rRNA 
reads we are working with or an underrepresentation of many eukaryotic 
phyla in the SILVA database. Twenty-one different bacterial and archaeal 
phyla, 39 classes and 267 genera were detected using the 16S rDNA reads.  
 Many common taxa were detected by the two methods: 16 phyla, 29 
classes and 133 genera. However, taxa specific to each of them were also 
detected (Fig. S8). This result can be associated to the differences in 
database composition. The relative abundances at high taxonomic levels 
(phylum and class) showed a statistically significant correlation between the 
two approaches (Pearson’s r = 0.99 and 0.98, respectively; p-value < 2.2E-
16) (Fig. 12).  
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 From the information derived from 16S rDNA reads, the community 
was also found dominated by Proteobacteria (range 39.0-80.9%), 
Cyanobacteria (range 0.2-15.4%), Actinobacteria (range 0.7-21.4) and 
Bacteroidetes (range 2.1-26.1%). However, differences were observed in 
the relative abundance of genera, although the top most abundant 
organisms were Porphyrobacter (range 0.4-21.9%), Sphingomonas (range 
0.9-19.1%), Hydrogenophaga (range 0.0-24.0%) and Rhodobacter (range 
1.0-12.8%), which were also detected among the most abundant genera in 
the metagenomes by the TV method (Fig. 13). In this case, the correlation 
between genera obtained from metagenomes and 16S was modest but 
significant (Pearson’s r = 0.66; p-value < 2.2E-16). Also, the genera defined 




Figure 12 | Correlation between the bacterial relative abundance detected from the 
TV and 16S rDNA extracted reads at phylum (A) and class (B) levels.  
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Taxonomic vote versus MetaPhlAn 
 Filtered fastq reads were tested against the microbial clade-specific 
marker database in MetaPhlAn476. This software contains single-copy 
markers that are specific for different taxonomic levels. Fourteen different 
phyla encompassing 26 classes and 173 genera were detected (Fig. S8). 
These results also correlated significantly with those from the metagenomes 
(Pearson’s r = 0.98 and 0.92 for phylum and class levels, respectively; p-
value < 2.2E-16) (Fig. 14). 
 
!
Figure 13 | Correlation between the relative abundance of bacterial genera 
detected by the TV method and 16S rDNA extracted reads. 





 The main differences between the MetaPhlAn results and those from 
the TV method were observed at the genus level (Pearson’s r = 0.27; p-
value < 2.2E-16) (Fig. 15). The most abundant organisms were Burkholderia 
(4.2-17.4%), Sphingopyxis (0.2-85.0%), Citromicrobium (0.0-65.0%) and 
Flavobacterium (0.0-23.7%), different from those detected from the 
metagenomes or 16S rDNA (Fig. S9). The genera detected using 
MetaPhlAn were estimated to represent only 63.5% of the genera detected 
using the whole metagenomes. However, the most abundant genus 
detected by the TV method, Porphyrobacter, was not found in MetaPhlAn. 
This is because there are no markers for this particular genus in the clade-
specific markers database on which MetaPhlAn is based. 
A B 
  
Figure 14 | Correlation between the bacterial relative abundance detected from the 
TV and MetaPhlAn at phylum (A) and class (B) levels. 
Pearson's r = 0.99
(p-value < 2.2e-16)
R2 = 0.98





Figure 15 | Correlation between the relative abundance of bacterial genera 
detected from the TV method and MetaPhlAn. 
 In summary, a total of 62 genera were detected by the TV method and 
the three methods used for comparison, BLAST2LCA, 16S rDNA and 
MetaPhlAn (Fig. S8C). The relative abundances calculated using only the 
shared genera showed differences among methods, mainly 16S rDNA and 
MetaPhlAn. These can be related to either the algorithms, the number of 
reads, as it is the case of 16S rDNA, which were extracted from the 
metagenomes, or the corresponding database compositions (Fig. 16). 
Species level  
 Taxonomic assignments with an identity equal or higher than 97% 
were used to explore the presence of particular eukaryotic and microbial 
species. All viral sequences that passed this threshold were assigned as 
phages. 






 Bacterial sequences revealed 629 species, with a particular 
enrichment of samples N1 and N2 in Oscillatoria nigro-viridis (37.4% and 
84.0%, respectively), N3 in Gloeocapsa sp. PCC 73106 (52.9%), N8 in 
Pseudomonas putida (27.3%) and N11, N23 and N24 in Sphingomonas 
echinoides (24.6%, 55.6% and 44.8%, respectively) (Fig. 17). Only a few 
!
Figure 16 | Relative abundances of common bacterial genera calculated using 62 






































































archaeal species were assigned, such as Halococcus morrhuae (38.4%), 
Halococcus saccharolyticus (33.4%) and Halococcus thailandensis (28.3%) 
in N8 or Candidatus Nitrosoarchaeum koreensis in N24 (99.7%). 
 71 eukaryotic species were observed in the dataset. Melampsora 
pinitorqua was identified in all the samples (range 3.7-73.2%). Ten biofilms 
showed the presence of Aureobasidium pullulans (range 3.0-48.3%) and 
!
Figure 17 | Relative abundances of bacterial species estimated from reads 
assigned taxonomically with an identity equal or higher than 97%. Dark colours 
represent 12 species that explain 50% of the bacterial cumulative abundance 
estimated under the mentioned restrictions. Transparent colours show other species 




seven were identified as containing Plasmodium falciparum (range 1.7-
37.6%). 
 Clade-specific markers used by MetaPhlAn consist of single-copy 
genes that identify a specific taxonomic level while excluding ribosomal 
operons. A total of 233 different species were identified using this approach. 
Specifically, N4 was found enriched in Sphingopyxis alaskensis (46.0%), N5 
in Flavobacterium psychrophilum (54.2%), N6 in Citromicrobium 
bathyomarinum (39.4%), N7 in Synechococcus elongatus (31.6%) or N10 in 
Parvibaculum lavamentivorans (26.6%). Seventy-eight species were 
detected by both strategies, including the ones mentioned above except for 
S. elongatus. No significant correlation was found between the relative 
abundances found for those 77 species using the two approaches 
(Pearson’s r = 0.09; p-value = 0.4031). 
Discussion 
 Metagenomics is helping to increase our knowledge about the 
microbial communities of multiple natural environments, such as sediments, 
soil491–493 or different water-related sources300,301,319,320. Huge efforts, such as 
the Earth Microbiome Project302, are aimed at characterizing many different 
ecosystems and the interaction between them. However, many of these 
works have been performed using 16S rDNA PCR, which can result in 
biased results due to amplification306,308. High-throughput shotgun 
metagenomic approaches are encouraged in order to get a better, overall 
representation of the communities472,473. Nevertheless, despite recent and 
increasing sequencing efforts475, genomic databases are still limited and an 
important part of the reads cannot be assigned yet310. 
 Depending on the sequencing strategy, the taxonomic assignment and 
the analysis of reads can be performed following very different methods 
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such as QIIME494, Mothur487, BLAST2LCA (see URLs), MEGAN495, 
MetaPhlAn476, etc. Many works use the BLAST algorithm451 to assign a 
specific taxonomic level to each read or Operational Taxonomic Unit (OTU), 
which often have multiple hits. The Last Common Ancestor (LCA) algorithm 
has been widely used to get the most specific consensus taxon among all 
the hits from each query, and it has been implemented in softwares such as 
BLAST2LCA (see URLs) or MEGAN495. However, this procedure has 
several limitations because conserved genes or regions that have 
undergone lateral gene transfer can hit against very distant organisms from 
the same or even different domains of life. In these cases, taxonomic 
assignment can be narrowed only to phylum, domain or even remain 
unknown.  
 Here, we have proposed a modification of the traditional LCA algorithm, 
denoted as Taxonomic Vote (TV). Our main goal was to achieve a high 
quality evaluation of the composition of a metagenome at the lowest 
taxonomic level possible. First, we included a pre-filtering step of BLAST 
output files in order to remove spurious and distant hits, retaining only those 
that were not too distant from the top hit. With this, only the best hits are 
considered for taxonomic assignment. Next, we used a BLAST database 
with complete genome sequences from all the domains of cellular life and 
viruses (see Supplementary Note 1), so that matches are obtained initially 
only with high quality targets. An average genome size was estimated for 
each taxonomic level and used for database correction. The relative 
difference between the average identity score in the TV method and the 
highest one (best hit) is retained and denoted as ‘delta’. We have used a 
delta value of 10, but this can be easily modified for different sensitivity and 
specificity goals. The identity to the best hit is always considered in order to 
prevent its discarding when the match has similarity of 95% or higher. Finally, 
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the assignment for each read is made to the lowest taxonomic level at which 
more than 50% of the retained hits agreed.  
 In this study, we aimed at characterizing the microbial, viral and 
eukaryotic community of biofilms created in the canalization tubes of natural 
springs in different spots around the same locality. These water sources are 
not treated for human consumption. The study of the microorganisms in 
these biofilms can help to know better this community and their potential 
threat for public health. Specifically, a predominance of Bacteria was found 
in all samples (97% of the assigned reads). Thirty-five different bacterial 
phyla, 52 classes and 927 genera were detected. However, only four of the 
phyla represented above 97% of the bacterial abundance: Proteobacteria, 
Cyanobacteria, Actinobacteria and Bacteroidetes, which presented 
fluctuations in their relative abundances in the different samples. The four 
phyla are known to be common in natural environments (water, soil, 
sediments, etc.), participating in essential processes such as nitrogen 
fixation or the degradation of organic material496. Cyanobacteria are frequent 
symbionts of plants and algae497,498 and, thus, very commonly found in 
water-related sources. Although these four phyla include many different 
pathogens, the biofilms described in this work were enriched in genera 
frequently found in soil and freshwater ecosystems, such as Porphyrobacter, 
Xanthomonas, Rhodobacter and Sphingomonas499,500. Interestingly, 
Xanthomonas is a well-known plant pathogen501. Other genera not 
represented in the genome database were found in the NCBI non-redundant 
nucleotide database, such as the alphaproteobacteria Roseibacterium, the 
gammaproteobacteria Marichromatium or Hymenobacter from the 
Bacteroidetes group, which has been previously isolated from natural 
sources such as sand, soil or freshwater502–504. At the species level, the 
cyanobacteria Oscillatoria nigro-viridis and Gloeocapsa sp. PCC 73106 were 
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identified, as well as the metabolically versatile Sphingomonas echinoides 
and Pseudomonas putida505,506. 
 A few phyla dominated the identified Eukaryotes, such as the parasitic 
protists in Apicomplexa, the green algae Chlorophyta and representatives of 
the Dikarya subkingdom of Fungi, including Ascomycota and Basidiomycota 
phyla. However, a relatively high diversity of eukaryotic taxa was identified, 
with a total of 16 phyla, 43 classes and 253 genera. Parasitic protozoan 
genera such as Plasmodium and Ascogregarina were detected in the 
community. Although Plasmodium is commonly known as the causal agent 
of malaria, only 1-4 reads were assigned at a 97% or higher identity to the 
species Plasmodium falciparum. This cannot be conclusive of its presence 
in the community under study. 
 Archaea and Viruses were found as the minority fraction, mostly below 
1% of relative abundance. Eighty different archaeal genera encompassing 3 
phyla were identified, with the class Halobacteria representing half of the 
archaeal diversity. This contrasts with the fact that sampling was performed 
in freshwater, as the metabolism of Halobacteria requires high salt 
concentrations507. Most of the sequences assigned to Viruses were identified 
as Microvirus, known as proviruses prone to integrate in the genomes of the 
phylum Bacteroidetes, and thus frequently found in the human gut508. 
However, they have been also detected in marine environments, such as in 
ecosystems studied in the GOS project315.  
 The proportion of eukaryotes and viruses could also have been 
affected by the laboratory procedures preceeding the sequencing. Although 
the extraction kit was adapted to biofilm samples, the process could have 
not been enough for the lysis of all eukaryotic cells. The low proportion of 
viruses could have been a result of that not all viruses can be detected using 
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these procedures, as it is the case of RNA-based viruses, for instance. 
 From 848 to 1,115 bacterial genera were detected in the fourteen 
samples, and the Chao1 richness parameter485 estimated the total number 
of genera in 1,146. These results and the rarefaction curves showed that 
most of the diversity likely present in the environment under study has been 
included and identified. This is because the number of estimated bacterial 
genera for some of the samples is very close to the maximum predicted by 
the Chao1 estimator (Good’s estimate of coverage = 99.9%). However, 
some heterogeneity, especially in the least abundant taxa, was found among 
samples, showing that biofilms from natural springs from very close 
locations may have similar compositions, although the relative abundances 
of many organisms may differ. No significant association was found between 
the compositional distance among the different samples and the 
geographical coordinates of the sampling points. 
 The results obtained with the TV method were compared to those from 
other available methods. First, the original LCA algorithm as implemented in 
BLAST2LCA (see URLs) is more conservative than the modified version of 
the TV method. In cases of horizontal gene transfer or highly conserved 
genes, the LCA assignment may select upper taxonomic levels, such as 
class, phylum or even kingdom. Specifically, we detected 1,201 genera in 
common between both methods, and 75 were detected only by the TV 
method. Interestingly, these were found mainly in fungal phyla. However, the 
correlation between the genera relative abundances obtained through the 
two methods was found very high (Pearson’s r = 0.98; p-value < 2.2E-16), 
showing that our method is perfectly valid for taxonomic assignment. 
 Additionally, we compared the TV with other popular methods for 
describing microbial communities, such as 16S rDNA taxonomic assignment 
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using Mothur487 and MetaPhlAn476. Bacterial genera identified by these two 
methods only represented 65.5% and 63.5% of the bacterial abundance 
detected by the TV method, respectively. High correlation values were found 
between the TV and 16S rDNA and MetaPhlAn relative abundances at 
higher levels (phylum and class), while lower correlations were obtained at 
the genus level. The differences between all the methods used derive from 
the composition of the databases on which they are based. 16S rDNA 
provides the identification of organisms for which no complete genome or 
sequencing projects are available and, as such, may not be present in our 
reference genome database. This is the case of the genus Armatimonadetes 
or different Cyanobacteria genera. MetaPhlAn is based on a clade-specific 
marker database developed from whole genome sequences476. Although the 
database has been updated to take environmental bacteria into account, it 
does not contain markers for all the organisms for which sequencing 
projects are currently available yet. For instance, Porphyrobacter, a bacterial 
genus found as one of the most abundant in all biofilm samples in this study, 
was not identified following this approach.  
 No significant evidence was found for the presence of organisms that 
may pose a risk for public health, although very low coverages (under 1% of 
genome coverage) were found for pathogens such as Escherichia, 
Legionella, Mycobacterium or protozoa that may act as reservoirs for 
pathogens such as Acanthamoeba. Only Xanthomonas, a plant pathogen, 
was detected at a maximum of 4% coverage. Interestingly, despite the 
known endemism of Legionella pneumophila in the Alcoy area339,352, the 
genus Legionella was only observed at a very low relative abundance (0.01-
0.07%).  
 In summary, a very diverse microbial and eukaryotic composition was 
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found in the environmental biofilm samples under study, with a high 
proportion of low abundance genera. Although subtle differences in the 
relative abundances of some organisms were found among samples, their 
structure and composition of most abundant taxa, usual in the freshwater 
microbiota, was rather homogeneous. A recent work509 discussed whether 
similar environments would be expected to have a comparable composition 
whereas abundances would be dependent on environmental selective 
pressures. Further work is necessary in order to confirm the presence of 






























Supplementary Note 1  
Genome database 
Reference database creation 
 A reference genome database was created containing Bacterial, 
Archaeal, Lower Eukaryotic and Viral data for blasting the metagenomes. 
Bacterial (and some Archaeal) complete and draft genomes were 
downloaded directly from the ‘Bacteria’ and ‘Bacteria_DRAFT’ folders in the 
NCBI FTP site (http://ftp.ncbi.nlm.nih.gov/genomes/). EFetch from NCBI E-
utilities510 was used to search and automatically download genome data 
from Low Eukaryotes474, Viruses and to complete the Archaeal genome 












 The raw data was filtered to remove plasmidic, mitochondrial and 
chloroplastic information. The resulting genome data was used to create a 






 A database index was created containing all the different organisms 
and their taxonomic classification. The length of each complete genome was 
annotated. For draft genomes contained in more than one contig, the sum of 
all contig lengths was annotated as representative of the genomic content of 
that organism. An average genome length was calculated per species using 
the information from the corresponding strains. The information about the 
number of genomes for each species available in the database was also 
annotated (Table S1).  
 Average genome lengths were extrapolated for each taxonomic level 
using an arithmetic mean. For instance, being Legionella a genus with 5 
different species with a pre-calculated average genome size for each of 
them, the average genome length for the corresponding genus was 
calculated as the arithmetic mean among those, as shown below. This 
process was applied recursively to each taxonomic level in the custom 
database. 
Species Average size (bp)  
 
 





Legionella drancourtii 4,152,613 
Legionella longbeachae 4,081,771 
Legionella pneumophila 3,838,671 
Legionella shakespearei 3,512,682 
Legionella tunisiensis 3,374,751 
   
 Hence, apart from the main file shown in Table S1, the index database 
contains six additional subtables containing this information for all the 
taxonomic levels, from domain to genus (Table S2). 
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 The average genome size for each level was used in the study in order 
to correct the number of BLAST hits assigned to a specific level by the 
amount of genetic material of that level contained in the database. 
Specifically, coverage values were calculated by taking into consideration 
the average read length (379 bp). 
Database contents 
 The reference genome database contains 17,314 genomes and whole 
genome sequencing projects and includes 8,539 species from Bacteria 
(n=3,159), Archaea (n=382), Viruses (n=4,544) and Low Eukaryotes 
(n=454). The database contained 1,701 genera, 534 families, 226 orders, 
105 classes and 65 phyla. Depending on the sequencing effort over the 
different organisms, some levels are over or underrepresented in the 
database. The correction applied on the counts assigned to each taxonomic 
level is intended to overcome this problem (Table S3 and Fig. S1). 
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Supplementary Note 2 
Taxonomic vote 
Taxonomic assignment of reads was performed after blasting 
(BLASTn v2.2.28+)451 against the custom genome reference database. The 
whole taxonomic classification was obtained from all filtered hits among the 
15% of the maximum bit-score for each read using the Taxonomy database 
from NCBI (ftp://ftp.ncbi.nih.gov/pub/taxonomy/). A consensus assignment 
for all the hits from the same read was retrieved using a modified version of 
the Last Common Ancestor (LCA) algorithm (named Taxonomic Vote, TV; 
Fig. S2).  
 Specifically, taxonomy was assigned up to the level for which more 
than 50% of the hits agreed. However, information about the maximum and 
average percentage of identity, E-value, and bitscores for the reads involved 
in the TV and the best hit were retained. Cases in which the best hit was 
discarded during the vote were marked as discrepancies. The difference 
between the average percentage of identity of the hits involved in the vote 
and that from the best hit was calculated and designated as ‘delta’. If the 
best hit had a percentage of identity higher or equal to 95%, the taxonomy 
from the best hit was assigned. If the best hit had a percentage of identity 
below 95% and the delta value was below 10%, the assignment resulting 
from the TV was selected. Reads in which the best hit was below 95% 
identity and the delta value was equal or higher than 10% were left 






Table S1 | Example of the format of the genome database index file. The average genome size and the number of genomes 
available from the corresponding species are annotated in the last two columns. 
 
Kingdom Phylum Class Order Family Genus Species Avge size (bp) Freq. 
Archaea Crenarchaeota Thermoprotei Sulfolobales Sulfolobaceae Acidianus Acidianus hospitalis 4,303,957 1 
Archaea Crenarchaeota Thermoprotei Acidilobales Acidilobaceae Acidilobus Acidilobus saccharovorans 2,992,906 1 
Bacteria Proteobacteria Gamma-proteobacteria Aeromonadales Aeromonadaceae Aeromonas 
Aeromonas 
hydrophila 4,824,132 9 
Bacteria Proteobacteria Gamma-proteobacteria Aeromonadales Aeromonadaceae Aeromonas 
Aeromonas 
salmonicida 4,815,164 2 
Eukaryota Ascomycota Eurotiomycetes Eurotiales Thermoascaceae Byssochlamys Byssochlamys spectabilis 28,937,452 1 
Eukaryota Ascomycota Saccharomycetes Saccharomycetales Debaryomycetaceae Candida Candida albicans 16,225,487 13 
Viruses unknown unknown unknown Mimiviridae Mimivirus Acanthamoeba polyphaga mimivirus 2,869,525 2 








Table S2 | Example of the ‘Genus’ subtable showing the amount of genomic 
material in the database and the average genome size for the genera represented in 
the database. 
 





Hydra 2,780,169,611 1 2,780,169,611 
Phytophthora 1,346,471,473 11 122,406,497 
Fusarium 858,217,747 9 95,357,527 
Nematostella 713,227,170 1 713,227,170 
Streptomyces 683,279,371 78 8,759,991 
Symbiodinium 609,476,485 1 609,476,485 
Leishmania 559,743,881 16 34,983,992 
Aspergillus 477,562,791 10 47,756,279 
Puccinia 452,530,572 3 150,843,524 
Tetrahymena 440,965,617 4 110,241,404 
Pseudomonas 424,316,078 69 6,149,508 
Acropora 416,342,532 1 416,342,532 




Table S3 | Top five most abundant organisms in the reference genome database at 
four taxonomic levels. 
 
Rank Phylum Class Genus Species 
Bacteria 
1 Proteobacteria Gammaproteobacteria Streptococcus Escherichia coli 
2 Firmicutes Bacilli Escherichia Salmonella enterica 
3 Actinobacteria Actinobacteria Staphylococcus Streptococcus agalactie 
4 Spirochaetes Alphaproteobacteria Salmonella Streptococcus pneumoniae 
5 Bacteroidetes Epsilonproteobacteria Vibrio Helicobacter pylori 
Archaea 
1 Euryarchaeota Halobacteria Methanobrevibacter Methanobrevibacter smithii 
2 Crenarchaeota Thermoprotei Sulfolobus Sulfolobus islandicus 
3 Thaumarchaeota Methanobacteria Halorubrum Methanococcus maripaludis 
4 Nanoarchaeota Methanomicrobia Haloferax Haloquadratum walsbyi 
5 Parvarchaeota Thermococci Thermococcus Sulfolobus acidocaldarius 
Low Eukaryota 
1 Ascomycota Saccharomycetes Saccharomyces Saccharomyces cerevisiae 
2 Basidiomycota Eurotiomycetes Plasmodium Plasmodium falciparum 
3 Apicomplexa Sordariomycetes Fusarium Saccharomyces kudriavzevii 
4 Microsporidia Aconoidasida Phytophthora Fusarium oxysporum 
5 Chlorophyta Agaricomycetes Leishmania Pseudogymnoascus pannorum 
Viruses 
1 - - Norovirus Norwalk virus 
2 - - Begomovirus Severe acute respiratory 
syndrome-related coronavirus 
3 - - Betacoronavirus Hepatitis C virus 
4 - - Enterovirus Rotavirus A 
5 - - Mastadenovirus Rhinovirus A 
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Table S4 | Statistics on the number of reads assigned to any taxonomic level after 
blasting against the reference genome database and after blasting the unassigned 




















N1 1,714,525 576,414 33.62 606,924 35.40 64.60 
N2 1,773,670 413,991 23.34 646,805 36.47 63.53 
N3 2,309,668 376,505 16.30 387,161 16.76 83.24 
N4 1,999,774 263,704 13.19 270,706 13.54 86.46 
N5 1,958,330 335,666 17.14 343,425 17.54 82.46 
N6 1,477,726 306,657 20.75 314,362 21.27 78.73 
N7 2,173,611 298,131 13.72 308,055 14.17 85.83 
N8 2,028,900 639,896 31.54 658,651 32.46 67.54 
N9 1,843,292 501,266 27.19 513,975 27.88 72.12 
N10 2,195,139 382,384 17.42 390,812 17.80 82.20 
N11 2,516,046 267,603 10.64 274,250 10.90 89.10 
N23 1,514,040 210,644 13.91 217,954 14.40 85.60 
N24 1,517,947 286,720 18.89 296,019 19.50 80.50 




















N1 4,53 41,17 1015 1113,88 21,95 0,65 
N2 3,79 13,89 848 1017,36 35,35 0,56 
N3 4,74 36,43 1115 1197,07 19,62 0,68 
N4 4,82 44,24 1079 1200,16 26,03 0,69 
N5 4,62 29,89 1026 1127,93 23,52 0,67 
N6 4,64 37,82 990 1131,75 29,27 0,67 
N7 4,81 43,89 1071 1165,46 20,62 0,69 
N8 4,51 39,39 1068 1140,60 17,33 0,65 
N9 4,51 37,77 994 1077,39 19,24 0,65 
N10 4,39 21,21 1076 1156,36 18,77 0,63 
N11 4,74 35,74 1097 1164,19 16,34 0,68 
N23 3,75 10,98 993 1174,01 35,74 0,54 
N24 5,02 62,02 1070 1191,41 27,07 0,72 
N25 5,16 81,80 1078 1203,35 27,56 0,74 
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Table S6 | Number of ribosomal reads extracted from the metagenomes with 
Metaxa. 
Sample Bacteria Archaea Eukaryota Chloroplast Mitochondria Uncertain Total 
N1 1,031 0 104 38 25 4 1,202 
N2 969 1 112 14 23 3 1,122 
N3 1,130 0 276 12 26 8 1,452 
N4 843 0 858 134 70 23 1,928 
N5 1,000 1 333 8 16 2 1,360 
N6 861 0 94 9 16 3 983 
N7 807 1 871 33 71 7 1,790 
N8 1,249 2 161 34 36 8 1,490 
N9 1,112 0 49 47 31 6 1,245 
N10 1,155 0 147 12 25 6 1,345 
N11 997 2 462 16 33 3 1,513 
N23 451 0 1,022 20 37 4 1,534 
N24 676 2 145 34 34 3 894 






Figure S1 | Map of the locality of Alcoy and its surroundings. Red triangles mark 
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Figure S2 | Top ten genera with the highest number of genomes represented in the 
reference database for each domain. The specific number of genera per level is 
















Read Hits % ID Alignment length 
… 
E-value Bitscore 
Read1 Hit1 99 379 1E-153 499 
Read1 Hit2 99 379 1E-153 499 
Read1 Hit3 98 376 1E-140 448 
Read1 Hit4 96 320 1E-70 435 
Read1 Hit5 90 318 1E-22 424 
Hit Kingdom Phylum Class Order Family Genus Species 
1 Bacteria Proteobacteria Alpha-proteobacteria Rodospirillales Acetobacteraceae Acetobacter 
Acetobacter 
pasteurianus 
2 Bacteria Proteobacteria Alpha-proteobacteria Rodospirillales Acetobacteraceae Acetobacter 
Acetobacter 
pasteurianus 
3 Bacteria Proteobacteria Gamma-proteobacteria Aeromonadales Aeromonadaceae Aeromonas 
Aeromonas 
fluvialis 
4 Bacteria Proteobacteria Alpha-
proteobacteria 
Rodospirillales Acetobacteraceae Granulibacter Granulibacter 
bethesdensis 
5 Bacteria Proteobacteria Alpha-
proteobacteria 













proteobacteria Rodospirillales Acetobacteraceae 
From LCA: 
Bacteria Proteobacteria  
Figure S3 | Schematic representation of the taxonomic vote (TV) method. 
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Figure S4 | Proportion of reads assigned to Bacteria, Archaea, low Eukarya and 







Figure S5 | Cumulative sum of the all the phyla (A), classes (B) and genera (C) 
detected in the dataset. 





































Figure S7 |!Clustering of the fourteen biofilm samples using Jaccard and Bray-
Curtis distances. 
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Figure S8 | Venn diagrams representing the number of shared and unique bacterial 
phyla (A), classes (B) and genera (C) detected by the taxonomic vote (TV), 






Figure S9 | Composition of the microbial community from MetaPhlAn. Taxonomic 
levels from phylum to genus are shown in different colours. Circle diameters 

































 Infectious diseases still represent one of the major causes of mortality 
for human populations. Many human pathogens are considered a risk for 
public health because of their high transmissibility and/or morbidity. These 
include organisms from different domains of life, mainly bacteria, fungi, 
parasites and viruses. For most of them, the source of the infection igniting 
an epidemic problem is difficult to ascertain, and molecular (gene or genome 
based) approaches represent a very useful help in establishing the link 
between source and infected people. The analyses of subsequent 
transmissions among persons, either directly or through intermediate 
vectors, can also benefit from these approaches. The same information 
obtained for and from molecular epidemiology analyses can be used to gain 
insight into the evolutionary dynamics and processes of the organisms 
involved, thus establishing a mutual reinforcement cycle between basic and 
applied science. This thesis represents our contribution to this molecular 
epidemiology and evolutionary biology joint area for a recently emerged 
human pathogen, Legionella pneumophila.  
 Human-to-human transmission can be produced through different 
routes, from physical contact in sexually-transmitted diseases such as 
gonorrhoea512, caused by Neisseria gonorrhoeae, to aerosol inhalation from 
the expectoration of an infected patient in the case of tuberculosis 
disease513, caused by Mycobacterium tuberculosis. Nevertheless, there are 
organisms for which infection among individuals has not been described yet. 
In those cases, human infection often results in a dead-end for the 
pathogen. Examples are cholera514, caused by Vibrio cholerae, which is 
normally transmitted by contaminated water or food, and direct person-to-
person transmission is very rare515 or Legionnaires’ disease89, caused by 
Legionella pneumophila, in which human infection is strictly caused by 
inhalation of contaminated aerosols.  
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 Although the biological mechanisms of pathogenicity for many 
organisms are fully characterized, their epidemiological structure and 
dynamics remain poorly understood. This is especially true in the case of 
microorganisms that do not involve person-to-person transmission, such as 
L. pneumophila, in which human infection is even considered as 
accidental10. Although the potential reservoirs have been 
described14,96,97,118,406 in detail, the environmental control of this pathogen still 
remains a challenge for public health officials89. Fortunately, epidemiological 
studies have benefited from the introduction of microbiological and, 
especially, genetic typing tools, which have improved the capability of 
discrimination between strains196. These typing tools, with the help of the 
more recent genomic sequencing516, are essential in the study of genetic 
variability of microorganisms. This genetic information can be used to 
analyse the existing populations and results can be translated to public 
health, often with a short-term and even immediate application228,352. 
 In this thesis, different aspects of L. pneumophila epidemiology have 
been covered. First, Chapters 1 and 2 shed light into the genetic variability 
and population of this species in a specific area compared to the overall 
reported diversity. Then, a sensible detection method for L. pneumophila 
from biofilm samples was developed and described in Chapter 3. This 
procedure was later applied to a real-time analysis of a legionellosis 
outbreak, as described in Chapter 4, showing its rapid applicability to public 
health investigations. Finally, high throughput sequencing technologies have 
been applied at two levels. First, a genome population study of outbreak-
related L. pneumophila ST578s in the locality of Alcoy showed intra 
sequence-type variability and clear patterns of recombination, as described 
in Chapter 5. Second, the microbial, eukaryotic and viral community of 
biofilms from natural springs in Alcoy is described in a metagenomic study in 
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Chapter 6, showing the low proportion of Legionella in the natural 
environment in a supposedly endemic area. 
 Human infection by L. pneumophila is considered as accidental10. Its 
life is strictly associated to environmental water-related sources5, and it is 
known to replicate actively in biofilms21. In order to control infections by this 
bacterium, it is essential to control its population in the environment. To do 
so, many physical and chemical strategies are applied to the potential 
reservoirs, such as deep cleaning or treatment with heat and biocides130. 
However, Legionella can survive after these by persisting inside cystic 
amoebae27. Thus, due to the evident difficulty in controlling the associated 
populations in the environment, it is very important to know how they are 
distributed in order to revise the standard measures. Previous studies 
confirmed the prevalence of L. pneumophila over other Legionella species in 
water and biofilm samples390,393–395, although little is known about the 
distribution of L. pneumophila STs. 
 Our work focuses in the area of Comunidad Valenciana (CV, Eastern 
part of Spain), the second region that accrues most LD cases in the country. 
In Chapter 1, we have shown the presence of more than 100 different L. 
pneumophila STs in the overall community during a 16-year period spanning 
23 different areas. But, in order to estimate the level of diversity, we decided 
to compare the observed variability in CV with that from a global dataset221, 
containing information from 28 countries, mainly European. A comparable 
level of diversity was found in CV and the global dataset, which pointed to 
low geographical genetic differentiation, in agreement with a previous, albeit 
at a much smaller scale, study by our group338. Interestingly, 13 localities 
irrigated with water from a common watershed already shown 30 different 
STs341, as noted in Chapter 2, where the within-group diversity also resulted 
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comparable to that among groups when studying the different SBT loci 
separately.  
 The broad distribution of the L. pneumophila diversity found in 
Chapters 1 and 2, especially in the ST1 strains, contrasts with the more 
frequent observation of specific STs in particular areas, such as ST578s in 
Alcoy117, ST47 in the United Kingdom197,353 or ST23 in Italy226. In fact, 33% of 
the observed variance was found to be an effect of geographical structure, 
as noted in Chapter 1. However, approximately 25% of that variability was 
attributed to a temporal effect, confirming the well-known seasonality as a 
relevant factor affecting L. pneumophila populations6,12,122,393,517. Higher 
infection rates are often found in the warmer months of the year (June – 
October)6,122, when temperatures are optimal for Legionella growth and 
aerosols are more likely to be produced. These conditions, jointly with other 
uncontrolled factors, as weather conditions96 or the recently hypothesized 
transport vehicles97, can help to its dispersal to very distant areas. This 
would explain the broad distribution of STs found in Chapters 1 and 2 of this 
thesis. 
 It is interesting to emphasize that, despite the high variability of L. 
pneumophila, a small subgroup of environmental STs was detected in 
clinical samples. Specifically, only 22 of the 102 profiles detected in CV in 
Chapter 1 were observed in patients. This trend has also been reported in 
other studies197,225, pointing to the observation that environmental strains 
that cause infections may have particular genomic features or that selection 
may be acting on genes related to pathogenesis and virulence in this 
subgroup, increasing their fitness in the human host. However, the genome 
analysis presented in Chapter 5 showed no differentiation between clinical 
and environmental strains339, although further genome analyses are needed 
to better investigate this assumption.  
!
! 295 
 In CV, Alcoy (Alicante) is the locality in which more cases are reported 
and Legionella is considered as endemic in the area. This fact has made this 
city one of the focuses in the present thesis. Surveillance programs of L. 
pneumophila in high-risk installations are performed periodically as part of 
the preventive measures undertaken by public health authorities. However, 
efforts are more intense during the investigation of an outbreak or sporadic 
case, especially at the suspected reservoirs. This assumption led us to 
organize an extraordinary sampling programming with the first aim of 
studying the diversity of L. pneumophila in an endemic area in the absence 
of any epidemiological alert, as described in Chapter 3.  
 Water and biofilm samples were taken from hydrants, pipes dead-
ends, nozzles and deposits in different points of the water distribution 
system in Alcoy. Samples were subjected to Legionella-specific 
microbiological culture, currently still the standard method for detecting the 
bacteria both from clinical and environmental sources131,132,134,136. However, 
Legionella is known to be able to enter in a viable but non-cultivable state 
(VBNC)11,151 under changing conditions, complicating its identification in the 
environment. This has encouraged the introduction of molecular 
amplification by PCR and sequencing for the detection and typing of this 
bacterium191,192,228,518. Specifically, quantitative PCR is being applied 
increasingly because of its higher specificity than the traditional 
amplification191,192. Nevertheless, the low amounts of DNA retrieved from 
both types of samples complicated the set-up of a real-time PCR. This led 
us to develop a sensitive method based on a touchdown cycling step 
previous to the traditional amplification (TD-PCR) as well as the use of a 
high fidelity polymerase coupled with DMSO as adjuvant352.  
 The results, detailed in Chapter 3, revealed the presence of L. 
pneumophila in only 15/60 samples considering three methods: culture, TD-
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PCR from water and TD-PCR from biofilm samples. Only four strains were 
isolated by culture, revealing ST578 in only one case despite its well-known 
endemism in the area117,339. Direct sequencing from water and biofilm 
samples revealed difficulties in assigning a specific allele to the SBT scheme 
due to the presence of multiple strains, which was confirmed by cloning PCR 
products. Another interesting result from this study was the finding that L. 
pneumophila detection from biofilm samples clearly outperformed in ten-fold 
that from water samples. This organism is known to multiply within protozoa, 
mainly attached to biofilms in natural and built environments20,21,335. 
However, detection methods are often focused only in water. Despite the 
low number of positive samples, our results indicate that, under non-peak 
conditions, L. pneumophila is probably confined within biofilms, which would 
explain the low detection rate in water samples. This is an important and 
rapidly applicable finding for public health authorities, to which we are 
encouraging to revise the standard sampling measures in order to optimize 
the detection procedures.  
 Local public health authorities have been incorporating the method 
described in Chapter 3 in routine samplings and outbreak investigations 
since the project was developed. As an example, we were involved in the 
detection and genetic analysis of L. pneumophila from clinical and 
environmental samples taken at an outbreak occurred in a hotel in the 
locality of Calpe (Alicante, Spain) (Chapter 4). L. pneumophila detection 
from biofilms sampled at rooms and public facilities of the hotel was 
essential to link all the clinical cases to an environmental reservoir. Culturing 
revealed ST23 as the main causative strain of the outbreak, which was also 
found in water related to the spa pool by the same method. However, in the 
SBT analysis of clinical samples five patients showed mixed patterns, 
revealing the presence of more than one strain causing infection. ST578 
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was found by direct TD-PCR in biofilm samples from the hotel rooms, and 
most of the non-ST23 alleles in clinical samples matched the ST578 profile, 
as shown in Chapter 4. Other works have also revealed the possibility of 
mixed infections in LD cases229–231. 
 But, despite the higher rate of L. pneumophila detection from biofilms, 
this kind of sample also presents some drawbacks. Apart from the low 
amount of DNA recovered in the extraction from swabs, already mentioned, 
Sanger sequencing PCR products from biofilms usually gives mixed 
assignations. This occurs due to the underlying diversity in the environment 
that results in the amplification of multiple strains at the same time. Cloning 
is needed in those cases in order to elucidate the specific alleles but, in the 
case of SBT, it is not possible to resolve the combinations of the true 
profiles. Cultures do not have this problem as SBT is performed from a 
single isolate.  
 Moreover, quantification remains an issue for public health officers, as 
well as knowing whether the Legionella cells are alive and able to produce 
infection. Specific methods for quantitative PCR approaches from water 
samples with the incorporation of ethidium monoazide (EMA) or propidium 
monoazide (PMA)193,194 are being developed. These agents destruct DNA 
from dead cells by permeating through the affected membrane, allowing only 
the amplification of living cells, which will have intact membranes. Another 
issue that needs to be taken into consideration is that Legionella is a 
common inhabitant of water-related habitats. This fact makes very probable 
to find it during monitoring programs, although it has not caused a clinical 
case. In those cases, a positive result is indicative of the need of a deep 
cleaning. In the case of existing infections, its combination with 
epidemiological data is essential to clarify whether a specific facility has 
been causing the problem. Errors in the assignment of a risk facility as the 
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reservoir of an ongoing outbreak could lead to serious economical and 
socio-political consequences. 
 Public health has started to benefit from the current high-throughput 
sequencing strategies that allow retrieving information about the complete 
genome of specific pathogens275,292. The huge amount of information 
obtained has already been proved invaluable to some outbreak 
investigations281,283,284,444, to assess the effect of vaccine introductions447 and 
even to reconstruct the global and local spread and transmission of 
pathogens257,448. Even, these studies can change our view of the history of 
major diseases, as it has been the case of Mycobacterium tuberculosis, 
which was thought to have a zoonotic origin for many years. However, 
genomic analyses confirmed that animal-adapted strains indeed derive from 
the human-adapted form519, although a punctual zoonotic transfer from seals 
has been recently found from Peruvian human skeletons520. 
 Most of the published works regarding pathogen genome sequencing 
have been focused on infectious agents with person-to-person 
transmission255,257,283,443,448, but strictly environmental pathogens as in the 
case of Legionella are clearly underrepresented286,442. In Chapter 5 of this 
thesis, we present the first genome analysis of strains from multiple 
legionellosis outbreaks339. We focused the work in the locality of Alcoy, 
where 18 different outbreaks occurred in an 11-year period. This is the first 
study to analyse the structure of legionellosis outbreaks and has a profound 
implication for future public health interventions.  
 First, strains clustered in the phylogenetic tree by sequence type, 
despite their year of isolation or source (clinical or environmental). In the 
case of ST578 isolates, two sublineages were found, and those strains from 
the same outbreak showed high intra-ST variability and did not cluster 
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together, as would be expected from a point source outbreak in which there 
is an outgrowth of a specific clone. This led us to conclude that legionellosis 
outbreaks in the endemic area of Alcoy may be caused by different strains 
that infect susceptible people under the appropriate conditions. Thus, the 
concept of a point-source outbreak does not apply in this case, where the 
accumulation of clinical cases in the city could be attributed to multiple 
sources. Besides, a Bayesian phylodynamic analysis from the ST578 core 
genome data revealed that sublineage A could have colonized the city in the 
early 90s, and sublineage B could have been introduced from uncontrolled 
external sources a few years later117. These results led us to conclude that 
SBT analysis of outbreaks, despite showing identity between putative source 
and clinical samples, could be misleading and we encourage the 
introduction of genome sequencing for the investigation of outbreaks in 
these cases because of its higher discrimination power.  
 This capability of differentiation between strains would help the 
epidemiological investigation in revealing the potential reservoir(s) and even 
the introduction of external variability that could re-colonize the area. In fact, 
we hypothesized that ST578B was introduced in the city in 2009, possibly by 
a paving machine117 as detailed in Chapter 5, because it had not been found 
in the city before. Interestingly, this sublineage was also isolated in 2010 
from a different source, indicating that it had already colonized the area. 
Genome monitoring of these sublineages could help to understand how they 
are evolving and to develop an intra-ST typing tool that could be applied to 
differentiate between both sublineages. However, decreasing costs in 
whole-genome sequencing make its routine application increasingly 
affordable.  
 Genome sequencing was also applied to five ST23 isolates from the 
Calpe outbreak described in Chapter 4. In this case, WGS revealed higher 
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variability among those strains than that expected from a clonal outbreak. 
The results from this study, and the finding of ST23 in adjacent installations, 
support the conclusion that a population of ST23 strains was already present 
in the area and colonized the hotel during its construction and opening to the 
public. So, in this case, the intra-ST variability retrieved from genome 
sequencing was essential in order to reconstruct the colonization history of 
the hotel that ultimately led to the outbreak. 
 WGS projects reveal huge amounts of information about variability. 
However, the observed genetic variation can have other sources apart from 
point mutation. Many bacteria have developed strategies to exchange and 
incorporate genomic and plasmid segments from other organisms435,436. This 
mechanism allows the acquisition of genes or variants that provide them 
resistance to different stresses438–441. When donor and recipient are 
organisms from the same species, this process is known as recombination, 
otherwise, horizontal gene transfer (HGT) is more commonly used. Patterns 
of recombination and HGT are very visible in genomic analyses, as they are 
often represented as the accumulation of variation in particular regions.  
 Previous studies working with SBT data have already unveiled the 
exchange of genetic material among L. pneumophila strains225,267, despite 
the initial hypothesis supporting clonality261,262. Chapters 1 and 2 of this 
thesis also provided evidence of recombination that involved SBT loci. 
Interestingly, Chapter 2 showed that five out of seven SBT segments were 
involved in intergenic recombination (all except fliC and mompS). The 
involvement of typing loci in transfer events is also supported by the 
genomic analysis in Chapter 5, in which a ST578 strain was typed as ST51 
because of recombination of the mip locus. Chapter 5 revealed that 16 
recombination events had occurred in a short-time scale of about 20 years in 
only five branches of the ST578 core genome phylogenetic tree, as 
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estimated through Bayesian analysis. These events, spanning an average of 
35.7 kb, accrued approximately 98% of the observed variability. Markers 
such as host-cell apoptosis inhibitors were found among the transferred 
segments. These results support the idea that strains involved in clinical 
cases undergo recombination events that could help them increase their 
fitness for and/or during human infection. 
 However, the picture that we get from the genomic analysis is only part 
from the actual existing diversity. This is because the study in Chapter 5 
relies on strains that could be isolated through microbiological culture and it 
is well known that Legionella can live in a viable but non-cultivable state11. 
Previous works already support the presence of multiple strains of L. 
pneumophila in infected patients229–231 and results from previous chapters in 
this thesis have shown mixed patterns also in water and biofilm samples. 
This observation supports the idea of the existence of much more variability 
in environmental sources than the one that we obtain from traditional 
microbiological cultures. Currently, high throughput sequencing approaches 
can get a more accurate picture through metagenomic studies. 
 In Chapter 6, we have used WGS to characterize the microbial, 
eukaryotic and viral community of biofilms from natural springs taken in the 
surrounding areas of the locality of Alcoy. As L. pneumophila has caused 
many outbreaks and sporadic cases, Legionella was expected in a 
considerable proportion in the environment. However, the genus Legionella 
was actually found in the minority fraction, in a relative abundance between 
0.01-0.07%. This low proportion could explain the difficulties in finding L. 
pneumophila during routine surveillance programs. Although using 
molecular amplification by PCR, this low abundance is probably under the 
detection limit for the technique.  
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 Taxonomic assignment was performed using a modified version of the 
Last Common Ancestor (LCA) algorithm that we denoted Taxonomic Vote, 
as detailed in Chapter 6. It is well known that metagenomic analyses can 
have multiple biases, which can come from the laboratory procedures, the 
sequencing process or the posterior analysis of sequences. Different 
methods for taxonomic classification use different databases and we have 
shown that they can determine the final result. In the Taxonomic Vote 
method, the top hits for each read are evaluated in order to get the most 
complete assignation possible by discarding those that could come from 
HGT events and which could compromise the final assignment. 
 Regarding the global composition and abundance, the general 
community was found dominated by Proteobacteria, Cyanobacteria, 
Actinobacteria and Bacteroidetes, with organisms frequently found in 
freshwater ecosystems as the most abundant genera, as detailed in Chapter 
6. Archaea, Eukaryotes and Viruses were found around 1% of relative 
abundance, meaning that Bacteria are the leading components of the 
community. A similar pattern was observed for all the samples, although 
differences in relative abundances were found. No correlation was observed 
between genetic and geographic distances among the biofilms from different 
sampling points. This homogeneity could be explained because the 
sampling was performed in a very localized region or because we were 
comparing similar environments509. In order to confirm the later hypothesis, 
further work comparing the composition of these ecosystems in other areas 
will be needed.  
 In summary, the results obtained in the different chapters of this thesis 
provide new insights into the molecular epidemiology of L. pneumophila, 
how it is distributed in the environment and at which levels. The introduction 
of high throughput sequencing approaches allowed an in-depth analysis of 
!
! 303 
genomic variability and recombination that involved clinical and 
environmental strains equally. These results have immediate applications to 
public health, such as the availability of a sensitive detection method from 
biofilm samples in real-time investigations. But also other applications, such 
as the population structure and dynamics of the pathogen as well as the 
information about its genome evolution, can be used to better understand 
and model its spread and to help in predicting and readily controlling the 




























































• The population structure of L. pneumophila reflects its high genetic 
variability. A broad distribution of STs was found in a reduced area, 
the Comunidad Valenciana, but also in a global dataset representing 
the overall (mainly European) diversity. In spite of these results, 
geographical and temporal differentiation was found, with some STs 
probably better adapted to specific locations, as it is the case of 
ST578 in Alcoy. Clinical strains were observed as a subset of the 
existing cultivable environmental diversity. 
• L. pneumophila detection from biofilm samples is a very promising 
method as it outperforms that from water specimens. However, the 
method needs to be optimized to accommodate the needs of public 
health investigators: to quantify the number of cells and establish if 
they are active in the microbial population and able to produce 
disease.  
• Biofilm testing during the investigation of an outbreak has been 
proved as a rapid and sensitive method for L. pneumophila detection. 
Our results allowed a prompt intervention of public health authorities 
during the outbreak occurred in a hotel in Calpe (2012), minimizing 
the number of cases. 
• Genome analysis of ST578 outbreak-related strains revealed intra-
ST variability and even the re-colonization by a sublineage that has 
been hypothesized as introduced from external sources. Public 
health authorities can benefit from such studies in order to have 
enough discrimination power for detecting the potential reservoir(s) 
and identify new incoming sources, as well as reconstructing the 
colonization history of a reservoir. 
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• The results from genome sequencing also indicated that legionellosis 
outbreaks in the endemic area of Alcoy could not have a single 
source, but they may be caused by different strains infecting 
susceptible people simultaneously when environmental conditions 
are appropriate.  
• Recombination is the main driver in the evolution of L. pneumophila 
ST578 in Alcoy. Intergenic recombination events involving SBT loci 
have been found. Furthermore, above 98% of the genomic variability 
observed among outbreak-related ST578s in Alcoy has been 
accumulated by this process. Recombinant segments carry markers 
of resistance to external stresses and adaptation to intracellular life. 
• Biofilms formed at natural springs in the area of Alcoy were found 
dominated by Proteobacteria, Cyanobacteria, Actinobacteria and 
Bacteroidetes, with organisms frequently found in the freshwater 
microbiota as the most abundant genera. The genus Legionella was 
observed in a very low relative abundance (0.01-0.07%). This result 
could explain that, despite ST578 causing recurrent outbreaks in the 
city, under normal conditions routine surveillance programs have 
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